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The state of the art in on-load surveillance techniques of light water reactors is 
given by extending the preceding studies to investigations of boiling water 
reactors and by summarizing the latest results of pressurized water reactors, the 
basis being experimental and theoretical work performed by the different 
organizations involved in preparing this report. Finally, some developments 
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It was initiated by the EC as a consequence of the results 
of a previous study /1/. A series of interesting investi­
gations was performed at the time, when this study was at 
its end, so that it was impossible to include the associa­
ted results. In addition it seemed to be worthwhile to 
take also due note of the various noise measurements taken 
recently on BWRs, and the various efforts in the v/ork 
dealing with models, which try to explain the noise and 
vibration signal spectra. The main aim of investigations 
concerning the turbines was to make accessible for the 
operator the results of the vibration measurements in 
order to increase the availability and safety of nuclear 
power plant turbines. 
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G. Possa, CISE­
•'CISE (Centro Informazioni Studi Esperienze, Milan) is 
working, jointly with ENEL, on the development of 
surveillance techniques for power stations. 
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I.1 Introduction 
The main aspects of on-load surveillance techniques, the 
involved measurements and analyses and the methods of 
interpreting the noise and vibration signals taken from 
various sensors have been discussed in the preceding report*. 
This study is based on the information given there and does 
not recall the principles, problems and ideas behind the 
analysis techniques, which are necessary to understand when 
reading this paper. In this context we refer specially to 
the chapters "Measurement Techniques" and "Analysis Techniques" 
of the previous report. 
Therefore we start immediately with the presentation of 
results gained from actual measurements and analyses. The 
first part deals with signals measured at the GARIGLIANO 
and LINGEN boiling water reactors. The investigations 
concentrate on the interpretation of the boiling noise present 
in the various neutron flux chamber currents. 
The second part is devoted to pressurized water reactors. 
Following previous results'·'1 a direct proof of the core 
barrel/pressure vessel pendular movement could be given by 
a special measurement technique. Further on new measurements 
performed at BR3, JOSE CABRERA and SENA power stations are 
discussed. In STADE thorough investigation of pressure and 
displacement signals taken during the pre-operational phase 
lead to a better understanding of noise sources and of the 
pressure signal as a means for vibration detection. 
In the last part we have summarized those items, which are 
not typical for the one or the other reactor type, but still 
are of great interest for noise and vibration analysis from 
the principle point of view. Thus it is dealt with the use 
of self-powered detectors for noise analysis purposes, the 
application of identification theory for the interpretation 
- 11 
of the signals and theoretical models used to predict the 
vibration behaviour of structural parts. 
*On-load Surveillance of Nuclear Power Plant Components 
by Noise and Vibration Analysis 
Status Report on work performed for the Commission of 
the European Communities under Euratom Study Contract 
No. 043-71-10 ECIC (F), April 1972 
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I.2 Boiling Water Reactors 
1.2.1 GARIGLIANO Nuclear Power Plant 
Garigliano is a dual cycle water reactor with 150 MW .. 
Based on the results gained by means of noise analysis 
at the TRINO, JOSE CABRERA and SENA pressurized water 
reactors it was decided to perform noise measurements at 
a boiling water reactor. For the pressurized water reactors 
mentioned before characteristic peaks in the neutron noise 
frequency spectra could be found, which evidently stem from 
the pendulum oscillations of the reactor internals package. 
It was hoped to get a further proof for this interpretation 
by means of BWR neutron noise analysis, because due to the 
configuration of the internals the spectra should not show 
the peaks mentioned before. 
1 . 2 . 2 . 1 Measurements 
A sequence of 10 groups of neutron noise recordings was 
performed at the GARIGLIANO station in March 19 72 /1/. 
Each group consisted of four or five simultaneous recordings. 
In table 1.2.1/1 are listed the nine pairs of the most mean­
ingful recordings considered, and the characteristics of 
detectors which were used. 
1.2.2.2 Analysis 
The analysis was carried out with the CISE computer (IBM 1800) 
equipped with an analog-digital converter. The plotting of 
calculated noise spectra was performed with an automatic 
plotter (BENSON 411). 
In figs. 1.2.1/1 through 1.2.1/10 the normalized noise spectra 
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are reported. The first figure shows the the trend of 
neutron spectra of all considered out-of-core detectors. 
The most evident features are the peaks at 8.8 and 25.0 Hz, 
showed by all the spectra. In figs. 1.2.1/2 and 1.2.1/3 
are reported the same neutron spectra (out-of-core) plotted 
two by two. They are originated by detectors diametrically 
opposite located in front of the subcooled zone of the core. 
The coherence between the noise signals is very high, there­
fore the reactivity noise is dominant through the whole 
core, moreover the phase is O through the entire frequency 
range. The coherence is not negligible also at 35 Hz, so 
the Campbell noise becomes the most important component at 
higher frequencies. 
Fig. 1.2.1/4 shows the neutron noise spectrum (out-of-
core) compared with the pressure noise spectrum of the vessel. 
The β.8 and 25.0 Hz peaks are confirmed by the pressure 
noise, too, with a high coherence and a 0 phase. 
In fig. 1.2.1/5 the spectra of an in-core and an adjacent 
out-of-core sensor are compared. The in-core detector is 
located in the bottom quarter of the active core region, 
its noise spectrum shows smaller peaks, but the coherence 
is still good. In fig. 1.2.1/6 the comparison is done 
between the same out-of-core and an in-core detector 
located in the same string but at the top quarter of the 
core. At low frequency the spectra nearly coincide and 
th,e coherence is good, then the in-core spectrum diverges, 
due to the boiling noise, while the phase swings. The 
variance in the range 5-20 Hz might be taken as a void 
index. 
In fig. 1.2.1/7 two in-core detector» located in the 
- 15 
same string near the centre of the core, at bottom and 
top axial quarter, are compared together. The coherence 
is low, because the boiling noise hides every other 
information in the in-core chamber located in the upper 
part of the core. 
In fig. 1.2.1/8 the comparison is done between the remain­
ing two in-core sensors of the preceding string. They are 
at intermediate height, but the boiling noise is already 
strong. The anomalous behaviour of the phase is probably 
due to an instrumentation effect. A further check should 
be done between a high and an intermediate in-core detector. 
In figs. 1.2.1/9 and 1.2.1/10 are reported the neutron 
noise spectra of incore detectors, located at the same 
axial level (bottom quarter), but at different radial 
distances from the centre of core. The coherence is 
rather low, in contrast with the behaviour of the out-
of-core sensors, and some strange peaks appear. 
In fig. 1.2.1/11 the normalized RMS - noise amplitude is 
reported versus the axial position. This amplitude in­
creases linearly up to the middle of the core and remains 
constant in the upper half of the core. 
Finally the same recordings analysed in the frequency 
range 2-35 Hz (see figs. 1.2.1/3 and 1.2.1/5) have been 
analysed in the range 0.2-3.5 Hz. The obtained spectra 
are reported in figs. 1.2.1/12 and .1.2.1/13. 
At the time being no final conclusions on the phenomena 
causing the various peaks were obtained. The analysis 
and interpretation of noise recordings and spectra will 
continue. 
- 16 
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1.2.2 LINGEN Nuclear Power Plant 
1.2.2.1 Measurements 
The LINGEN nuclear power plant (KWL) is one of the first 
commercial BWRs of Germany. It is equipped with an AEG 
two-loop reactor. Power operation started in May 1968. 
The thermal reactor power is 520 MW. Together with a 
fossil overheating system the plant delivers 252 MW 
electrical power. 
Noise measurements at KWL have been performed by AEG and 
T.U. München in April 1971 /1/, /2/, /3/. Several noise 
signals have been tape-recorded during two operating 
conditions (72 ata, 106% and 30 ata, 50%) as long time 
series (ca 3 hours) in order to have a good statistical 
confidence in the low frequency range (down to 0.01 Hz). 
In addition, there have been shorter noise measurements 
of the in-core neutron flux signals (ca 5 minutes) with 
the aim to get information about space-dependent effects 
(e.g. steam void generation and velocity) and the 
mechanical behaviour of the core in the frequency range 
above 1Hz. During these measurements a movable in-core-
chamber could be positioned at different core heights. 
The most important recorded signals, which are discussed 
in this paper, were received from the following sensors: 
1 ionisation chamber (NF) out-of-core. 
γ-compensated, sensitive length 150 mm, radial 
position see fig. 1.2.2/1, axial position ca middle 
of core height 
3 in-core ionisation chambers (J28/1, J28/2, J28/4), 
sensitive length 25 mm, 
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all in the same radial position M28 (see fig. 1.2.2/1), 
different axial positions: 
2269 mm for J2 8/1 
1735 mm for J28/2 (only available at 72 ata) 
667 mm for J28/4 
(all measures are refferred to the lower core edge) 
- 1 axial movable miniature ionisation chamber (TIP), 
radial position M25 (see fig. 1.2.2/1), during the 
30 ata measurement below the lower core edge 
differential pressure over the core (DPK) 
reactor primary pressure (PR) 
differential pressure over one of the two forced 
circulation pumps (FH2) 
1.2.2.2 Analysis 
Since some years at the T.U. München investigations are 
performed as to what extent useful information can be 
obtained from the fluctuations of the plant instrumentation 
signals of nuclear power reactors. When starting the 
KWL-noise measurements similar measurements had already 
been performed at the PWR of Obrigheim and had shown 
very promising results /4/. In the meantime further 
vibration and noise measurements at the STADE nuclear 
power plant have shown concrete and practically useful 
results for the pressurized water reactor (see 1.3.3). 
Now, two years after the measurements, the KWL-noise 
signals were investigated in order to check also the 
possibilities at a boiling water reactor. 
1.2.2.2.1 Normalized Power Spectral Densities (NPSDs) 
At first the NPSDs of all neutron flux signals were 
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computed and figured by an incremental plotter using 
double logarithmic scales. For this purpose the dynamic 
component of the signal was normalized to the mean value 
which has been compensated before amplifying and tape-
recording. The calculations were performed in two 
frequency ranges with two resolutions: 
0 Hz to 12.5 Hz with Δί = 0.125 Hz 
0 Hz to 3.6 Hz with Δί = 0.031 Hz 
In fig. 1.2.2/2 the NPSDs of the neutron flux signals 
during the 106% power operation (72 ata) are shown. 
There are two striking frequency ranges to discuss: 
from O Hz to ca 1.6 Hz a strong broad peak at 0.5 Hz 
(or rather the behaviour of a band-limited white 
noise). The NPSDs of the ionisation chambers inside 
and outside the core are nearly identical 
from 1.6 Hz to 12.5 Hz a band-limited white noise 
with a power density some decades lower. The levels 
are different for detectors in different core heights, 
Signal NF has the lowest, signal J28/1 (on the upper 
core edge) the highest noise power density. 
In the NPSDs of the 30 ata-measurement (fig. 1.2.2/3) 
the resonance peak at 0.58 Hz now appears clearly and 
narrow (0.18 Hz broad at the half of the peak maximum). 
In the range above 0.75 Hz the NPSDs of NF and TIP 
(positioned below the core) decrease nearly identically 
corresponding to the 72 ata-measurement. On the contrary 
the NPSDs of the in-core chambers are greater by factors 
between 20 and 100. 
Looking at the NPSDs of TIP at different axial positions 
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(Pos. 2 = 400 mm, Pos. 4 = 930 mm, Pos. 8 = 2000 mm, 
Pos. 10 = 2540 mm) again an increasing of the power 
spectral density can be observed with increasing core 
height in the range above 0.75 Hz (fig. 1.2.2/4). 
1.2.2.2.2 Coherence Functions 
Generally it can be said that only in the lower frequency 
range of the powerful peak good coherences do exist (for 
72 ata see figs. 1.2.2/5 and 1.2.2/6, for 30 ata see fig. 
1.2.2/7). In the higher frequency range the coherences 
between the two lower chambers are better than between 
the two upper ones though the distance is twice the 
distance of the upper chambers. It is remarkable that 
in this frequency range the coherence functions show a 
characteristic dip-behaviour whilst the NPSDs are continuous 
Following the experience obtained from the investigations 
of neutron noise signals in pressurized water reactors 
/4/ such a behaviour indicates the co-acting of noise 
driving sources with different phase relations. 
1.2.2.2.3 Phase Functions 
Phase functions of two noise signals can be considered 
as true only in these frequency ranges, in which as well 
sufficient noise power as good coherences do exist. 
At first especially the mutual phase relations of the 
in-core-chambers are of the greatest interest. Noise 
signals of three in-core-chambers, which are positioned 
one above the other in the same cooling channel, are 
only available from the 72-ata- measurement. From figs. 1.2.2/8 
and 1.2.2/9 it can be seen that linear relations exist 
between phase angles and frequency of axially adjacent 
chambers. 
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1.2.2.2.4 Relations Between Neutron Flux NF and Pressure 
Signals 
Fig. 1.2.2/10 shows the PSDs of the out-of-core ionisation 
chamber NF, the core differential pressure DPK, the 
reactor pressure PR and the differential pressure over 
a forced circulation pump FH2, fig. 1.2.2/11 the coherences 
between NF and the pressure signals in the frequency 
range up to 3.6 Hz. Especially in the low range correlations 
up to 90% exist. 
1.2.2.2.5 Interpretations 
In this paper the interpretation is restricted to the 
most important result: the identification of those noise 
sources which are generated by the moved steam bubbles. 
Concerning the powerful peak at 0.5 Hz it should be only 
referred to the following points: 
Supposing that only one noise driving source is acting 
in this frequency range, it would be possible to cal­
culate a velocity of the disturbance (noise source) 
from the phase relation of the noise signals of axially 
adjacent in-core chambers. This velocity would be ca 
40 m/sec for the 72-ata-measurement and ca 9 m/sec for 
the measurement at 30 ata and half power. From the 
signum of the phase it would result in the disturbance 
travelling through the core from bottom to top. But 
it is not physically reasonable to assume a disturbance 
of this velocity. Therefore, the supposition made 
above is not correct and the phase behaviour has to 
be explained by the co-acting of different noise sources. 
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The peak becomes small and marked at 30 ata. 
The peak is very well correlated with the core 
differential pressure. 
As a consequence the 0.5 Hz peak is mainly due to an 
integral void effect, which is confirmed especially by 
the good correlation with the pressure. It is not refer­
able to the transit time of the bubble through the core. 
This result is in accordance with measurements obtained 
during a campaign with self-powered detectors, which 
was performed by the T.U. Hannover. There one had tried 
to correlate the coherence function phase shifts in 
the frequency range below 1 Hz with the local steam 
velocities, because the brake point at 1 Hz seemed to 
indicate that no useful information was to be expected 
above this value. Again too high figures (20 to 30 m/sec) 
resulted. Unfortunately, a later investigation of the 
higher frequencies was not possible because of the bad 
signal resolution in this range (see 1.4.1). 
On the contrary, the spectra of ion chamber signals 
discussed in this chapter, show the well expressed band 
limited white noise above 1.6 Hz mentioned before 
(fig. 1.2.2/2). Though some decades lower it contains 
evidently the wanted information on steam void velocity. 
For this frequency range where the power spectral densities 
of the core neutron flux signals increase with increasing 
core height, the following considerations can be made: 
With increasing core height the proportion of steam 
bubbles and therefore the local steam void fraction a(z) 
increase. As the distribution density of the number of 
steam bubbles is nearly a Poisson-distribution (where the 
variance is equal to the mean value) it can be shown that 
the variance of the fluctuations of the water density is 
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proportional to the local steam void fraction a(z). 
These fluctuation of the moderator density causes 
perturbations in k„o (and therefore in the neutron 
flux signals) immediately via the macroscopic cross 
sections. Another - may be not neglectible - fact is, 
that a steam bubble between the fuel elements (the 
neutron sources) and an in-core-detector causes a 
variation in the detected neutron flux signal due to 
the displacing of water (attenuation effect). In this 
case a positive contribution would be given to the 
detector current as a consequence of the existence of 
the bubble, in the case of the local reactivity 
distortion a negative one. 
For the following it is not important to clarify which 
contribution is dominant. In both cases the detector 
current is influenced in a pulse-type way and we have 
to take into consideration that for each in-core-detector 
a certain effective sensitivity volume has to be observed, 
defined as this region around the detector in which 
steam bubbles contribute to the detector signal. 
Such a smoothed impulse corresponds to band limited 
spectrum: 
4i( t ) * i ( f ) 
= t > 
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The pulse length τ in the time domain corresponds to 
the corner frequency f in the frequency domain and can 
be estimated by the transit time of the bubble when 
travelling through the effective sensitivity range of 
the detector. Let be 1 the effective sensitivity 
lenght in z­direction and ν the bubble velocity we 
apply : 
f ­ 1 ­ V ß 
o s 
The coherence between the lower in­core chamber J2 8/4 
and the other neutron flux signals decrease with in­
creasing distance (fig. 1.2.2/5). The coherence between 
the two closed situated ion chambers J2 8/1 and J28/2 in 
the upper core range is comparatively bad. These facts 
mean that only in the lower core range the shape of 
the bubbles is nearly constant while in the upper range 
the shape is largely changed by whirling and collapsing. 
The assertion that the observed power spectral densities 
are referable to local flux perturbations caused by the 
moved bubbles and detected from axially adjacent detectors 
delayed by the transit time of the bubbles, can be 
proved by the phase functions of the in­core signals. 
A dead time behaviour is characterized by the linear 
growing­on of the phase difference with frequency. 
Fig­,1.2.2/8 and fig. 1.2.2/9 show that these conditions 
are quite well satisfied for the phase function J28/4 
­> J28/2 and for the phase function J28/2 -► J28/1. Differ­
ences are explained either by missing coherences or by 
additional deterministic noise terms (e.g. from the 
magnetic tape). In the lower frequency range (0.5-Hz-Peak) 
where the coherence is extremely good both curves show 
a deviation from a straight line in direction to smaller 
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phase angles. An explanation of this behaviour can be 
given by the assumption that in this frequency range 
the noise generated by the bubble transport is present, 
but is covered by an additional strong noise source 
simultaneously acting upon all detectors. 
The mean transit time τ of the bubbles can be evaluated 
from the slope m of the straight line representing the 
fitted curve of the measured phase values. 
We apply φ = m f 
φ = ω· τ = 2it τ f = 360 τ f 
m m 
τ = 2 π 360° 
With m1 = - 101°/Ηζ for the phase function J28/4 - J28/2 
we get 
τ. = 0.280 sec 
For the phase function J28/2 - J28/1 with m = - 35.4°/Hz 
we get 
τ» = 0.098 sec 
Using the geometrical distances of the detectors (1068 mm 
and 5 34 mm) and τ., τ„, two mean Λ 
bubble velocity can be calculated 
3 values of the steam 
, „, m v„. = 3.81 B1 sec 
Ί c Λ<Ζ m 
v_,_ = 5.45 
B2 sec 
In the KWL-safety report the following mean velocities 
are given 
vwater inlet = 2'2A m / s e c 
vwater outlet = 4'5 m / s e c 
Vsteam outlet = 7 · Ί m / s e c 
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With the equation 
F p v + F p v = m _ w w w s s s Τ 
ν = s ν s w 
α 
F F 
s s Fm F +F Τ s w 
where: ρ , ρ = density of water and steam 
ν , ν = velocity of water and steam 
w s J 
F F = area of water and steam 
w s 
F = to t a l area 
ni = total mass flow 
s = slip ratio 
a = local steam void fraction 
it can be written 
*VFT 
Vw"(z) (1-ct(z)) ρ -- α (ζ) ρ" s (ζ) 
w s 
ν (ζ) = s (ζ) ν (ζ) s w 
Fig. 1.2.2/12 shows these two theoretically derived 
velocities versus the core height z. The bubble velocities 
ν ' and ν 0 are drawn with dotted lines. It can be seen 
tí ι tí ζ 
that the values resulting from the phase shift of the 
cross power spectral densities are in very good accordance 
with the theoretical expected mean velocities. 
1.2.2.3 Conclusions 
Up to now it seems to be impossible to extract information 
about the mechanical behaviour of the core structure 
(vibrations) from the neutron noise at the KWL. On the 
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contrary, with regard to surveillance techniques, it 
seems to be possible to detect irregularities (partial 
obstructions) within a cooling channel by the control 
of the phase function of in-core ion chambers (position­
ed one above the other) in the frequency range above 
1.6 Hz. The possibility to determine the local steam 
void velocities in the whole core region may be of 
general interest. This could be done by a two-detector-
system consisting of two miniature in-core ionisation 
chambers which are moveable in z-direction and positioned 
one above the other with constant distance (maximum 
60 cm). Attention has to be paid when using sensors 
near the boiling boundary. The relevant frequencies 
range up to a frequency f , which depends on the mean 
bubble velocity and an effective sensitivity length of 
the detector. 
To improve the measurements of the local steam void 
velocities at KWL it is proposed to filter the signals 
of the in-core detectors with a high-pass-filter at 
1.6 Hz before amplifying and recording on magnetic tapes. 
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1.2.3 WINGASSEN Nuclear Power Plant 
WÜRGASSEN is a 2-loop boiling water reactor plant with an 
output of 670 MW ... It went in operation in 1972. Accelero-
meters were installed at several positions of the reactor 
vessel wall and the two recirculation pumps. The aim of 
the investigations was to get further information of that 
type of sensors for on-line surveillance purposes. 
1.2.3.1 Measurements 
At the pressure vessel 4 X-ray resistant accelerometers 
were installed. Both the recirculating pumps are also 
equipped with an accelerometer (figs. 1.2.3/1 and 1.2.3/2). 
The signals were digitized on line and stored by means of 
a transportable digital data reducing system. 
1.2.3.2 Analysis 
Lower frequency range (1 cps up to 50 cps): It is interest­
ing to see, that only in the upper range at the pressure 
vessel close to the steam outlet and to the inlet of the 
core sparger a vibration of 30 cps can be found. It is 
possible, that this is a vibration of a tube or of a 
construction unit (fig. 1.2.3/3). 
Middle frequency range (100 cps up to 3000 cps): At the 
recirculating pumps one can measure characteristic 
frequencies of the pump noise in the range of 20OO cps 
up to 3000 cps. In addition to this frequencies one can 
find at the pressure vessel special peaks of 700 cps and 
870 cps. This points to vibrations which are produced in 
the pressure vessel in addition to the noise of the pumps 
(figs. 1.2.3/4 and 1.2.3/5). 
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Upper frequency range (above 300O cps): In the range 
above the noise of the pumps there exists a sharp peak 
at 4176 cps. This frequency is particularly found in 
the upper region of the pressure vessel. The reason is 
unknown (fig. 1.2.3/6). 
In normal operation of the WORGASSEN plant no burst of 
noise could be found until now. For detecting and find­
ing of loose parts it is important to know the delay of 
bursts within the water and the wall of the pressure 
vessel. For that reason knock tests Were made during the 
shut-down of the plant. The delay between the individual 
measuring points is in the range of 5 ms up to 20 ms 
(figs.1.2.3/7 and 1.2.3/8). By regard of these delays 
it should be poesible to find loose parts /1/. 
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I.3 Pressurized Water Reactors 
1.3.1 BR 3 Nuclear Power Plant 
1.3.1.1 Measurements 
BR 3 is a 12 MW pressurized water reactor located at e r 
Mol. Noise measurements were performed with the operat­
ing staff of BR 3, the Katholieke Universiteit Leuven 
and Laborelec in December 1972 and repeated regularly 
since then. 
The neutron flux fluctuations were first analysed and 
later on accelerometers were placed on the upper side 
of the vessel, on the steam generator and on the two 
main coolant pumps and analysed, too. 
Neutron flux fluctuations were measured by means of 
three power range ionization chambers. These were long 
(20 cm active length) uncompensated ionization chambers. 
Their location is shown in fig. 1.3.1/1. Chambers ICA 
and ICB are opposite and ICC is located at 90 from 
the two others. The sensor current was converted by a 
series resistance of 1 ΚΩ to a voltage. This way of 
measuring introduces a low-pass filtering effect but 
was the only possible. The singal from which the DC 
component was substracted was amplified thousand times 
by a Preston floating differential amplifier, band­
pass filtered (1Hz - 25 Hz) with a Krohn-Hite filter, 
and then directly analyzed by a Hewlett-Packard 
Fourier Analyzer (16 K memory). 
In addition six accelerometers (Bruel and Kjaer) were 
installed on the primary circuit, i.e. 
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on the reactor vessel (fig. 1.3.1/1 and 1.3.1/2). 
Three accelerometers were screwed on an inox patch 
soldered on the top of the pressure vessel in a 
horizontal position. 
on the steam-generator. One accelerometer was 
fixed in the same manner as on the pressure vessel 
near the water box. 
on the two main coolant pumps. They were fixed on 
a gripping collier fixed on the refrigerating circuit 
of the pumps close to the motor. 
1.3.1.2 Analysis 
The power spectral densities of the signals were computed 
with the Fourier Analyzer. A resolution of 512 points in 
frequency seemed sufficient and in order to have a good 
statistical confidence in the spectral estimates two 
hundred samples were taken. Normalisation for the ion­
ization chamber signals was done afterwards. 
The frequency range was for the neutron flux spectra 
O to 25 Hz, ( ~.1 Hz resolution) or O to 50 Hz (-.2 Hz 
resolution). For the accelerometer signals several 
ranges were used up to 10 kHz. 
1.3.1.2.1 Ionization Chambers 
A series of measurements was performed in March 19 73. η 
The power level was 38.6 MW... The correspondent dc 
level of the ionization chamber signals was at the 1 ΚΩ 
resistance 153 mV for ICA and ICC and 9 8 mV for ICB. 
Shown in the figs. 1.3.1/4, 1.3.1/5, 1.3.1/6, 1.3.1/7 
are the NPSDs of ICA and ICB, the NCPSD of ICA and ICB. 
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A peak at 16 Hz is noticed, the width of which is 
about 3 Hz. On ICC the same peak is noticed. The 
phase of the NCPSD of ICA and ICB shows a small shift 
between ICA and ICB (fig. 1.3.1/7). On the NCPSD of 
ICA and ICC the phase shift was zero (not shown on 
the figures). The coherence is fairly good at this 
16 Hz peak (fig. 1.3.1/8). 
At frequencies above ca 30 Hz the coherence function 
had to be erased due to computational problems. These 
problems are noticed, too, on the NCPSD whose level 
is higher than each NPSD above 30 Hz. 
Insertion of the control rods was slightly changed but 
no modification in the 16 Hz peak could be noticed, so 
that this peak could not be attributed to vertical 
movement of the core. Also horizontal movement had to 
be excluded since no 180 phase shift between ICA and 
ICB was observable. So,far no explanation could be 
given for this peak. 
When investigating the reproducibility of the measure­
ments the following behaviour of the spectra was observed: 
The same tests as those of March 1973 were repeated 
afterwards and no noticeable change in the spectra was 
seen. However, the spectra obtained already in December 19 72 
showed a complete different shape (figs. 1.3.1/9 to 
1.3.1/20). At that time the power level was lower, i.e. 
30.2 MW . against 38.6 MW ,. A huge peak at 7.7 Hz 
and two peaks at 13 and 16 Hz appeared on the different 
ionization chamber spectra (figs. 1.3.1/9 - 1.3.1/10). 
After two days the peak at 13 Hz was no more present 
and the peak at 7.7 Hz was not so important any more 
(figs. 1.3.1/11 to 1.3.1/14). After a week, only the 
- 64 -
peak at 16 Hz remained (figs. 1.3.1/15 to 1.3.1/20). 
No change in operating conditions was noticed during 
this period. 
1.3.1.2.2 Accelerometers 
Spectra obtained on the two pumps are shown in the 
figs. 1.3.1/21 and 1.3.1/22 (relative scales). Two 
frequency ranges are shown. The first (0 - 100 Hz) is 
the most interesting. The second ( 0 - 1 0 kHz) only 
shows a difference in level between MC pump 1 and 2. 
The pumps are rotating near 3000 rpm and have 7 blades 
and a diffuser with 8 blades. The motor is a double 
squirrel cage. The rotating frequency (~50 Hz) is 
clearly shown. Interesting is the 24 Hz peak on the 
MC pump 2 which indicates an excentricity of the rotor. 
On MC pump 1, this 24 Hz peak is not present but two 
important lateral bands can be noticed. 
Another feature is that much more frequency lines are 
present on MC pump 1 than on MC pump 2. In fact MC 
pump 1 was malfunctioning and had to be stopped one 
month later. The damages were so important that the 
pump was unrepairable. This problem will be discussed 
in more detail in the second part (turbines) of this 
report. 
The accelerometer at the steam generator is only 
intended to detect loose parts travelling through the 
primary circuit. The spectrum is of no interest up to 
this point. 
The spectra of the three accelerometers attached to 
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the reactor vessel are shown in figs. 1.3.1/2 3 and 
1.3.1/24 in arbitrary units. Accelerometers no. 1 
and no. 2 have approximately the same spectra in the 
0 to 25 Hz range. Several little peaks are noticed. 
Some are related to peaks discovered on the two pumps. 
The 13 and ~16 Hz peaks are not yet explained. On 
accelerometer no. 6 no peaks are discernible. Typical 
results between 0 and 10 kHz are also shown (figs. 1.3.1/25 
and 1.3.1/26). 
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1.3.2 JOSE CABRERA Nuclear Power Plant 
1.3.2.1 Measurements 
The JOSE CABRERA nuclear power plant is equipped with 
a Westinghouse one-loop pressurized water reactor 
having a thermal power of 510 MW to which corresponds 
a gross electrical output of 160 MW. The reactor vessel 
and internals, whose general arrangement is shown in 
fig. 1.3.2/1, are of the up-dated design which utilizes 
control rods of cluster type. 
Neutron noise measurements were performed in April 1971 
at three power levels just before the shutdown for the 
first refuelling /1/. As the spectra of the neutron 
flux signals taken at the TRINO power plant show a 
resonance peak at 5.5 Hz caused by horizontal core move­
ments, it was the purpose of the investigations to 
confirm these results, especially by means of in-core 
detectors which were not available at the TRINO reactor /2/, 
Due to the fact that the horizontal core movement modulates 
the neutron flux signal measured outside the vessel via 
the attenuation effect in-core signals should have no 
oscillations caused by that mechanism. Moreover, durinq 
the hot functional pre-operational tests of the JOSE 
CABRERA reactor, some accelerometers were installed on 
the upper core plate which provided some information 
about the oscillatory behaviour of the reactor internals 
package. 
The nuclear detectors installed at the reactor and 
made available for the noise measurements, were the 
following: 
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4 long ion chambers installed in four thimbles 
equally spaced around the reactor vessel. Each 
long chamber is actually made up of ah upper un­
compensated ion chamber and a lower compensated 
ion chamber. The radial and axial location of 
these chambers are shown in fig. 1.3.2/2. The 
four long chambers are identified by 31, 32, 33 
and 34. "A" indicates the upper section, "B" the 
lower section. During normal operation in the 
power range, all the chambers are connected to 
the reactor protection system. However, it was 
possible to disconnect one long chamber at a 
time and to use it for neutron noise measurements. 
Fig. 1.3.2/3 shows the typical electrical connect­
ions of the two sections of a long ion chamber. 
1 short compensated ion chamber which is normally 
connected to a reactivity computer. This chamber, 
indicated in fig. 1.3.2/2 by "R" was available at 
any time for neutron noise measurements. 
2 movable miniature fission chambers of the core 
flux mapping system. The two detectors can be 
driven inside any one of the thimbles located at 
the centre of 20 selected fuel assemblies (fig. 1.3.2/4) 
The measurement runs are summarized in table 1.3.1/1. 
The five measuring channels were connected as follows: 
2 to the two sections of the disconnected "long" 
chamber 
1 to the chamber of the reactivity computer 
2 to the in-core fission chambers 
The differential values of the inserted control rods were 
estimatedat about 3 pern/cm (full power) and 6 pem/cm 
(half power and "zero" power). 
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At the end of the measurements at full power, the 
two in-core chambers failed. Only one in-core chamber 
was replaced and then only four channels were used 
in the subsequent measurements. The in-core chambers 
were always positioned at the core height correspond­
ing to the centre of the lower section of the long 
chambers, i.e. at 1/4 of core height towards the 
bottom. The only exception is Run 2 8 where the in-
core chamber was positioned at the core height 
corresponding to the centre of the upper section of 
the long chambers. At half power, an attempt was 
made to perform noise measurements without disconnect­
ing the ion chambers from the reactor protection system. 
1.3.2.2 Analysis 
The NPSDs of the four chambers 31B, 32B, 33B and 34B 
at 100, 50, and about 1% of rated power levels are 
shown in figs. 1.3.2/5, 1.3.2/6 and 1.3.2/7. They 
are practically coincident except in the frequency 
range where a large peak occurs at about 11 Hz. In 
this range, the pair of chambers 32B and 34B, whose 
relative position is 180 around the core periphery, 
have similar NPSD values. The same is true for the 
other pair of chambers 31B and 33B, whose relative 
position is also 180 around the core periphery. In 
addition we notice from figs. 1.3.2/8 and 1.3.2/9 
that the noise signals of chamber R and opposite 
chambers 33B and 34B are in opposition to phase. 
The effect of the chamber vertical position in a 
thimble is shown in figs. 1.3.2/10 and 1.3.2/11. 
These figures show the normalized autospectra, the 
cross spectra (modulus and phase), and. the coherence 
functions (root square) of sections A and Β of a 
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same long chamber. The normalized autospectra of 
sections A and Β appear quite similar. 
Figs. 1.3.2/12, 1.3.2/13 and 1.3.2/14 show the normal­
ized auto and cross spectra, and the coherence functions 
of the in-core chamber in various core locations, at 
100% power level. NPSDs, cross spectra and coherence 
functions between in-core and out-of-core chambers are 
given in figs. 1.3.2/15 and 1.3.2/16. 
Interpreting the computed curves we can draw the follow­
ing conclusions: 
The normalized power and cross power spectral 
densities of both out-of-core and in-core ion chambers 
show one distinct wide-band resonance peak at 11.5 Hz. 
The characteristics of this peak for out-of-core ion 
chambers diametrically opposed are those of the 
5.5 Hz peak found in the TRINO reactor, i.e.: 
Equal height In the two autospectra of noise signals 
from ion chambers diametrically opposed. 
Opposition of phase, in the frequency range associated 
to the peaks. 
Peak height and frequency independent of the power 
level. 
As for the TRINO reactor, this peak can be satisfactorily 
explained by assuming a pendular oscillation of the 
internals package. 
The 11.5 Hz peak in the noise spectra of the in-core 
chamber in the various core locations can be explain­
ed by the movement of the chamber inside the thimble 
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due to the mentioned pendular oscillation of the 
internals package because of the neutron flux 
gradient across the thimble. 
The 16.5 Hz peak has a frequency equal to the 
rotational frequency of the main coolant pumps. 
Literature, Section 1.3.2 
/1/ Calcagno, M., Castaldi, D., Cioli, F., Ottaviani, C A . 
Neutron Noise Measurements at the Jose Cabrera Reactor 
ENEL C3.R1/06.72, Nov. 1972 
12/ Calcagno, M., Cioli, F., Gadola, Α., Possa, G., Vanoli, G. 
Trino Nuclear Power Station 
In-Service Monitoring of Reactor Internals 
Meeting on Vibration Phenomena Inside Light Water Reactor 
Vessels, Mol, Dec. 1970 
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RUN 
1 
2 
3 
4 
5 
6 
7 
8 
8 b i s 
9 
10 
11 
12 
13 
14 
15 
16 
24 
25 
26 
27 
28 
29 
30 
31 
CORE 
POWER 
LEVEL 
7. 
96 
96 
96 
96 
96 
96 
96 
96 
96 
52 
52 
52 
52 
52 
52 
52 
52 
4 . 6 
6 . 0 
0 . 5 
0 . 4 
0 . 4 5 
0 . 3 
0 . 7 
0 . 6 
CORE 
AVERAGE 
TEMP. 
°C 
290 
290 
290 
290 
290 
290 
290 
290 
290 
283 
283 
283 
283 
283 
283 
283 
283 
273 
273 
272 
272 
272 
274 
273 
274 
INSERTION OF CON­
TROL GROUPS, Ζ 
GROUP A 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
30 
30 
38 
38 
38 
35 
35 
35 
GROUP Β 
1.6 
1.6 
1.6 
1.6 
8 . 3 
8 . 3 
8 . 3 
8 . 3 
8 . 3 
33 
33 
33 
33 
33 
33 
33 
33 
100 
100 
100 
100 
100 
100 
100 
100 
DETECTORS EMPLOYED 
OUT-OF-CORE 
33A 
34A 
31A 
32A 
34A 
33A 
33A 
33A 
33A 
31A 
33A 
33A 
33A 
32A 
34A 
34A 
34A 
32A 
34A 
34A 
34A 
34A 
33A 
33A 
33A 
33B 
34B 
31B 
32B 
34B 
33B 
33B 
33B 
33B 
31B 
33B 
33B 
33B 
32B 
34B 
34B 
34B 
32B 
34B 
34B 
34B 
34B 
33B 
33B 
33B 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
IN-CORE 
G-8 
G-2 
A-5 
A-5 
G-2 
E-5 
E-2 
-
-
B-3 
B-3 
G-8 
A-5 
B-6 
B-6 
G-2 
A-5 
B-6 
B-6 
G-2 
A-5 
G-2<*> 
B-6 
G-2 
A-5 
C-2 
B-5 
C-2 
C-8 
B-5 
B-5 
E-8 
C-2 
G-7 
-
-
-
-
-
-
-
-
-
-
-
-
*~ 
-
-
-
(*) Pos i t ioned a t the same height of the upper sect ion centre of the 
long chambers. 
Table 1 . 3 . 2 / 1 : Summary of neutron no i se measurements 
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1.3.3 SENA Nuclear Power Plant 
1.3.3.1 Measurements 
SENA is a 4 loop plant with an electrical output of 
266 MW . In the course of neutron noise measurements e 
performed in 1972 after refuelling at full power (905 MW ,) 
two significant peaks were found /1/ (for sensor positions 
see fig. 1.3.3/1): 
4.2 Hz in the LRP 3 - LRP 4 direction 
5.5 Hz in the LRP 9 - LRP 11 direction 
The analysis had been performed between 1 and 30 Hz. 
The corresponding oscillation amplitudes peak to peak 
had been estimated as follows 
250 μΐη for the 4.2 Hz frequency 
70 pm for the 5.5 Hz frequency 
In 1973 different kinds of tests were performed, whose 
nature and aims are hereunder indicated: 
Before refuelling at full power. Neutron noise measure­
ments to compare the new behaviour of the core with 
the one it had last year after refuelling. 
After refuelling at full power. Neutron and pressure 
noise measurements to know the new behaviour of the 
core and try to correlate the two phenomena, and 
additional investigations of the frequencies below 1 Hz. 
1.3.3.2 Analysis 
1 
In the chapters below noise analysis results are discussed 
as gained from measurement signals obtained during full 
power operation Of the plant (905 MW . ) . 
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1.3.3.2.1 Neutron Noise Analysis Before Refuelling 
The former peak at 4.2 Hz in the LRP 3 - LRP 4 direction 
has shifted to 4 Hz (figs. 1.3.3/2, 1.3.3/3 and 1.3.3/4) 
though the power level is the same as last year. 
As for the peak at 5.5 Hz in the LRP 9 - LRP 11 direction 
it seems have completely disappeared (figs. 1.3.3/5, 
1.3.3/6 and 1.3.3/7) but we have not been allowed to use 
chamber LRP 9 and have had to use LRP 11 instead; now, 
LRP 10 has the same angular position as LRP 9 but is 
higher than the latter (fig. 1.3.3/1); this probably 
reduces the signal to noise ratio and prevents from 
detecting the phenomenon. 
1.3.3.2.2 Neutron Noise Analysis After Refuelling 
We had two aims for this series of tests: 
Analysis between 1 and 25 Hz as previously, to know 
the new behaviour of the core in this frequency range. 
Analysis at lower frequencies, i.e. between 0.02 and 
2 Hz to detect an eventual peak expected since have 
been performed experience on a model. 
a) Results Obtained Between 1 and 25 Hz 
The peak previously obtained at 4 Hz in the LRP 3 -
LRP 4 direction has shifted still further to 3.75 Hz 
(figs. 1.3.3/8, 1.3.3/9 and 1.3.3/10) and corresponds 
to a displacement peak to peak estimated at about 90 pm. 
Besides, this 3.75 Hz frequency is also present in 
the LRP 9 - LRP 11 direction (figs. 1.3.3/11, 1.3.3/12 
and 1.3.3/13) and in the LRP 7 - LRP 8 direction. 
As a matter of fact, we have not been allowed to use 
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simultaneously chambers LRP 7 and LRP 8, e.g. the 
cross-spectrum and autospectra obtained with LRP 7 and 
LRP 11 show undoubtedly the presence and importance 
of the 3.75 Hz frequency in the LRP 7 - LRP 8 
direction (figs. 1.3.3/14, 1.3.3/15 and 1.3.3/16). 
The corresponding displacements peak to peak are 
respectively estimated at 55 pm and 30 pm. We have 
not been able to perform measurements in the LRP 5 -
LRP 6 direction, but there is probably also an 
oscillation at the same frequency in this direction. 
So if the 3.75 Hz frequency were the only one 
existing the core would describe an elliptical 
motion (Lissajous1 curve with the same frequencies 
in two perpendicular directions) as indicated in 
fig. 1.3.3/17. In the same figure we show the 
pendular motion in the LRP 9 - LRP 11 direction 
at 5.25 Hz whose amplitude peak to peak has been 
estimated at about 60 pm. We effectively found a 
peak in this direction (figs. 1.3.3/12 and 1.3.3/13) 
and only in this direction, at 5.25 Hz. 
Therefore, the former peak at 5.5 Hz has also shifted 
since last year. The power level has increased from 
905 to 950 MW , but let us call back that the power 
level had formerly no effect on this peak. This 
very strange phenomenon is not yet explained. 
b) Results Obtained Between 0.02 and 2 Hz 
Between LRP 3 and LRP 4, we found a little peak at 
0.18 Hz, but it is not very neat even on the G. . 
spectrum which is yet the most sensitive (figs. 1.3.3/18, 
1.3.3/19 and 1.3.3/20). Between LRP 9 and LRP 11, there 
are two principle peaks at 0.1 and 0.2 Hz (figs. 1.3.3/21 
and 1.3.3/22). 
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As shown in fig. 1.3.3/22 the phase is almost zero 
for both peaks; therefore they are not connected with 
resonance phenomena, contrary to the oscillations 
at 3.75 Hz and 5.25 Hz. 
1.3.3.2.3 Pressure Fluctuations 
It was impossible to perform valid measurements at full 
power because of a leak near our transducer. Neverthe­
less, in order to test our installation, we had performed 
preliminary measurements after refuelling, at; zero power 
and found peaks at 2.5 Hz, 5 Hz, 7.5 Hz etc. (figs. 1.3.3/23, 
1.3.3/24 and 1.3.3/25). 
If we amplify the spectra of neutron noise, we can find 
again the 7.5 Hz frequency, but the level of the peak 
is very low and therefore not significant (figs. 1.3.3/23, 
1.3.3/24, 1.3.3/25, 1.3.3/9, 1.3.3/10). 
These different peaks, whose nature is not yet explained, 
seem doubtful and make us think our transducer (piezo­
electric) is too sensitive to the accelerations. Tests 
are being performed to state precisely this point. Let 
us recall that our transducer was placed on the zero 
power cooling circuit. 
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Literature, Section 1.3.3 
/1/ On-load Surveillance of Nuclear Power Plant Components 
by Noise and Vibration Analysis 
Status Report on work performed for the Commission of 
the European Communities under Euratom Study Contract 
No. 043-71-10 ECIC (F), April 1972 
Symbols, Used in Figures, Section 1.3.3 
G = auto-power spectrum density of chamber A 
G = cross-power spectrum density of chambers A and Β 
G__ = auto-power spectrum density of the difference 
XA - XB 
X and X being the signals given respectively by 
chambers A and Β 
G = auto-power spectrum density of the sum X + X 
γ = coherence function defined by 
2 /GAB/2 
γ = GAA GBB 
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FIG. 1.3.3/1: ION CHAMBERS LOCATION 
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FIG.I.3.3/17: 
PENDULAR OSCILLATIONS OF THE CORE 
AFTER REFUELING 
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1.3.4 STADE Nuclear Power Plant 
1.3.4.1 Measurements 
The STADE Nuclear Power Plant (KKS) has a 4 loop configur­
ation and provides an output of 6 40 MW , . 
As indicated in the previous EC-report /Ì/ successful 
measurements of the reactor vessel/core barrel pendular 
behaviour were performed. There it was possible - for the 
first time - to trace back the vibration of a structure 
part as represented in a neutron flux signal to the direct 
measurement of the associated displacement of that part. 
Thus the final proof was achieved of the adequacy to use 
ionisation chamber signals for detection of this kind of 
movement. In this context also the usefulness of dis­
placement measurements outside the vessel was demonstrated, 
especially when having investigated the spectra during 
the preop-test phase by means of cross correlation techniques. 
The extensive preop-tests demonstrated also the sensitivity 
and usefulness of pressure signals to measure vibration 
phenomena. They showed the principle large capability of 
pressure sensors for the investigation of structure 
vibrations during normal plant operation. The interpretation 
of pressure fluctuations during pump switch off tests 
offered an important possibility to detect vessel internals 
resonances during plant shut down. It is believed, that 
this type of measurement will form an important supplement 
to direct displacement sensors, when performing investi­
gations during a test phase. 
In addition the information on pressure fluctuations and 
vibrations in various positions of the core stimulated 
the development of theoretical models describing the 
- 153 
dynamic behaviour of the main structure parts. Partly, 
good agreement could be achieved between the theoretical 
results and the actual motions and exciting forces as 
expressed in the measured signals. 
Trials were also made to use accelerometers, attached 
to the pressure vessel wall and the pump housing in 
several positions, for detection of the various vibration 
phenomena. This would offer additional measurement inform­
ation, which is available during plant operation. 
1.3.4.2 Analysis 
1.3.4.2.1 Reactor Vessel/Core Barrel Pendular Motion Measurements 
Fig. 1.3.4/1 shows the sensors and their locations. Sensor 
P01, P02 and A12V-A15V can be used also during normal plant 
operation, the other ones had been dismantled after the 
preop-tests. 
Fig. 1.3.4/2 shows the APSD of the displacement sensor 
R11R measuring the relative distance of the core barrel 
and the pressure vessel, the peak 13 Hz representing one 
of the system eigenfrequencies discussed below. 
Fig. 1.3.4/3 gives the coherence function between two 
ionisation chambers at opposite positions outside the 
vessel, fig. 1.3.4/4 the phase of the CPSD of these two 
signals. For the 13 Hz peak we observe that behaviour 
of the phase, which we would expect for horizontal move­
ments of the core structure (see also /1/). Finally in 
fig. 1.3.4/5 we again detect the resonance peak at 13 Hz 
showing the good coherence between the neutron flux and 
the displacement signal. Bearing in mind the peak ampli­
tude of 0^ /17 mm as measured during the preop-tests with 
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the sensors R11R/R12R we have a good picture of the 
sensitivity of neutron flux for measuring this type 
of structure movement /2/, /3/. 
1.3.4.2.2 Investigation of Pressure Signals During Preoperational 
Tests 
When investigating a broad band of frequencies of the 
pressure signals we observe peaks, which origin from 
the vibration of other structure parts. In the first 
instance we have the possibility to search for the 
sources· of the pressure noise by means of investigating 
the phases of pressure signals measured in various 
positions (fig. 1.3.4/1). Thus we understand better the 
cause/consequence relations between pressure and motion, 
because it is very difficult to distinguish, as to what 
extent the pressure noise signal is created by vibrating 
parts and as to what extent this signal represents the 
driving force. 
When taking for instance from the cross power density 
spectra of the various pressure signals the phase shifts 
as represented in the 75 Hz peak indicated in fig. 1.3.4/6 
we get a phase diagram as shown in fig. 1.3.4/7. (The 
75 Hz peak is originating from the recirculation pump.) 
The distances which can be calculated from this phase 
diagram based on the sound velocity in water are in rather 
good agreement with the real average distances of the 
associated sensors. It is easy to recognize how the 
pressure waves originating from the pump are distributing 
in the two directions and are exciting the vibrations of 
the lower support plate. 
The phase shift of the broader peak at 58 Hz originating 
from random effects is shown in fig. 1.3.4/8. In this 
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case we observe a pressure fluctuation which is created 
by the reactor vessel itself. There is no doubt that 
this peak represents a super-position of random exciting 
forces with the feedback of the vibrating structure on 
the pressure. This interpretation is especially prooved 
by the pump-switch-off-tests. In fig. 1.3.4/9 we have the 
momentary pictures of the APSD of P01 and of the vertical 
velocity G04V. It is to be seen very clearly that 
corresponding to the lowering of the pump speed the peak 
at 58 Hz is developing in the pressure- and the velocity-
signal as well. This behaviour originates from the effect 
that the falling frequency of the exciting force is 
arriving at 58 Hz, the resonance frequency of a structure 
part /4/. 
1.3.4.2.3 Calculation of the Pendular Oscillation of the Reactor 
Vessel/Core Barrel System 
The computer code EIGEN described in 1.4.2 was used to 
calculate the double pendulum system as represented by 
the reactor vessel and the core barrel clamped to the 
vessel flange by means of the lid or the lid screws respec­
tively. The pressure signal P04 (fig. 1.3.4/1) as measured 
during the preoperational tests without the core package, 
was considered to reflect the driving force (input signal) 
and the oscillation (output signal) as well. From the 
shape of the pressure spectrum (fig. 1.3.4/10) the driving 
force was assumed to be a band limited white noise as 
given in fig. 1.3.4/11. Based on this assumption the spectrum 
of the system pendular motion was calculated by means of 
a double pendulum model. Though other well expressed 
resonances can be found, a fairly good agreement could 
be obtained between the calculated spectrum and the 
measured pressure and movement spectra (the latter one 
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representing the relative movement between reactor vessel 
and core barrel). Further details are given in /5/. 
1.3.4.2.4 Identification of the Vibrations Performed by the 
Reactor Vessel/Core Barrel 
An attempt was made to investigate the reactor vessel/ 
core barrel vibrations by means of identification theory. 
The process model consisted of a double pendulum connected 
via spring and damping elements. The reactor vessel 
bearings and its connection to the coolant pipes were 
verified by additional springs and dampings. In addition 
to the three dimensional pendular movement also vertical 
vibration of the vessel and the core barrel was permitted. 
Based upon the assumption that the vibration of the system 
is mainly due to hydrodynamic processes of the coolant 
flow in the vessel, the exciting forces were formulated 
as linear combinations of the pressure fluctuations and 
their derivations, as measured at the vessel input and 
output, and at the lower support grid. The observation 
model was set up taking into account, that two signals 
describing the movement of the system and one pressure 
signal were available. The initial values were estimated 
by the least square method. For the identification the 
maximum likelihood- and the maximum a posteriori invariant 
imbedding algorithm were considered (see also 1.4.3). 
Though we have already developed the digital codes for 
this algorithms, their application posed several problems, 
which are not yet solved. First of all the frequency 
behaviour of the various instrumentation channels have 
to be considered, and the correct choice of the sample 
periods has to be checked. The first results already 
showed that one would need additional (repeating) 
measurements. 
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The investigation of the observability and control­
lability criteria were rather extensive for the model 
which was established. Therefore it is necessary to 
make basic considerations especially with respect to the 
number and the adequate choice of measurement signals. In 
order to gain better a priori information it is necessary 
to get further information by the constructor with respect 
to the unknown parameters. 
Considering the identification algorithm it has to be 
said, that the standard Kalman-filter has an optimal 
character only when knowing exactly the mean inital values 
and co-variances. Hence in practice it would be possible 
to verify only sub-optimal algorithms. Further problems 
are the correlation of the noise sources and the non-
linearity of the process model when modelling unknown 
parameters. This problem could be at least theoretically 
solved by using modified algorithms and by an other choice 
of optimal filters (extended Kalman-filter, filter of 
higher order). 
For the treatment of identification problems with complicat­
ed algorithms and large model dimensions (> 10) very quick­
ly the limit is reached with respect to the computation 
time and memory space. As a consequence it is necessary 
to keep the order of the model as low as possible by 
using the empirical know-how (measurements) of the system. 
Further on problems of computation accuracy are arising 
rather quickly, but as a rule they can be handled by 
applying adequate program techniques. 
In order to better overcome the difficulties discussed 
above it seems to be necessary to start with a much simpler 
identification problem. Afterwards it should be possible 
to extent the investigation to a system of the described 
size. 
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1.3.4.2.5 Investigation of Accelerometer Signals 
Several accelerometers are installed at the pressure 
vessels, which are resistant to X-rays and to temperatures 
up to 400°C. 3 transmitters are fixed at the outer wall 
of the lower range of the pressure vessel and they are 
shifted 90 to each other around the circumference. An­
other two transmitters are fixed at the supposing base 
in the range of the inlet and outlet connection. Each of 
the recirculating pumps are also equipped with an accelero­
meter (figs. 1.3.4/12, 1.3.4/13, 1.3.4/14). The whole 
noise spectrum of solid-borne sound can be divided into 
three parts /6/: 
In the lower frequency range of about 1 cps up to 50 cps 
one can recognize vibrations of the components and the 
core barrel. Characteristic peaks of this range are 5 cps, 
8 cps, 20 cps, 25 cps and about 37 cps. It is interest­
ing to see that the 20 cps-signal is fluctuating in a 
wide range (figs. 1.3.4/15, 1.3.4/16, 1.3.4/17). The 
25 cps-peak is very sharp and has a constant amplitude. 
It corresponds to the rotating frequency of the main 
pumps (1500 rpm). Thé signal of 37 cps is sometimes shift­
ing to 36 cps. This can result from vibrations of components 
in the pressure vessel (figs. 1.3.4/16 and 1.3.4/17). 
Middle frequency range: The vibrations in the frequency 
range of 100 cps up to 2000 cps are concerned with the 
rotations of the pumps. These peaks can be ordered into 
a frequency raster with a distance of 75 cps. This raster 
of 75 cps is a function of the rotation frequency (25 cps) 
and of the number of the rotating blades (3) of the pumps. 
The dominant peaks of this range are 300, 52 5 and 600 cps 
(fig. 1.3.4/18). 
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Upper frequency range: In this part bursts of rattling 
noise are dominant. The level and the frequency of 
these bursts are concerned with the number of the 
operating pumps. The reason could be the swinging and 
the butting of the control rod guide tubes within the 
reactor vessel head or loose particles inside the vessel. 
­ 160 
Literature, Section 1.3.4 
/'\/ On­load Surveillance of Nuclear Power Plant Components 
by Noise and Vibration Analysis 
Status Report on work performed for the Commission of 
the European Communities under Euratom Study Contract 
No. 043­71­10 ECIC (F), April 1972 
/2/ Basti, W., Dio, W.H., Haas, W., Wach, D. 
Nachweis von Pendelbewegungen des Kernbehälters im 
Neutronenflußrauschen 
Atomwirtschaft 5, Mai 1972, S. 263 u. 264 
/3/ Basti, W. 
Fortschritte in der Rauschanalyse zur betriebsmäßigen 
Überwachung von Druckwasserreaktoren 
Reaktortagung, Karlsruhe, April 19 73 
/4/ Bauernfeind, V., Dio, W.H., Pink, W. 
Importance and Use of In­core Vibration and Pressure 
Measurements to Determine Correct Behaviour of Pressure 
Vessel Internals 
IAEA Symposium Nuclear Power Plant Control and Instrument­
ation, Prague, January 19 73 
/5/ Osterie, Β., Kim, J.D. 
Experimental and Theoretical Investigations of Flow­
Induced Vibrations in Nuclear Components of PWR 
International Symposium Vibration Problems in Industry 
Keswick, April 1973 
/6/ Moravek, I., Raíble, Β. 
Körperschallmessung ­ ein Weg zur Betriebsüberwachung von 
Reaktordruckgefäßen 
7. Technisches Allianz­Kolloquium, München, Dez. 1973 
161 
605 V 
0 
PO 2 
12 V.... A 15V 
RUR/T 
R12R/T 
<8> 
POI 
POS , P04 
GOJ^GCXK 
P01...P08 Pressure transducers 
G02V..G05V Vibration velocity sensors of core support structures 
A12V...A15V Absolute displacement sensors pressure vessel 
R11R/T, R12R/T Relative displacement sensors pressure vessel /core barre! 
Figi.3.4/1 : STADE Nuclear Power Plant- position of sensors 
-0.83 
-4.83 
- 8 8 3 -
cn 
to 
Fig.1.3. 4 /2 . APSD of ænsor RllRas measured during the preop tests (with core) 
at 260 °C and 150 at. 
CTS 
co 
Figi.3.4/3: Coherence function of the signals of 2 opposite ionisation chambers 
180 
CD 
4 -
Fig.I .3.4/4: Coherence function (phase) of the signals of 2 opposite ionisation chambers 
1.00 
0.90-
0.75-
0.60-
0.45-
0.30-
0.15-
CF X03-B3 
C72 
O l 
r 
0 3 6 9 12 ' 15 18 21 24 27 30 
Fig. 1.3.4/5 : Coherence function between neutron flux and lid screw movement 
166 
Sxx 
Sxx 
Sxx 
f(Hz) 
Fig.I.3.4/6: APSDs of pressure signals P01,P02and of velocity signal 
G04Vas measured during preop tests (with core) 
Wä. Ταυ. 
P02 804V 
14,5(14,8) 
Phase shifts of the pressare 
signals and their calculation 
as the distances between the 
sensors. 
Figures in parenthesis mean real 
sensor distances 
B04V' 
POI ΡΟβ 
PC6B04V 
ΡΌ7 
9.1 m 
3,3 rn 
12 À m 
P01B04V 11.9 m 
POI 
G04V 
CTI 
Fig.1.3.4/7: Propagation of pressure fluctuation at 75 Hz as taken from the results 
given in Fig.6 
Wä. Ταυ. 
0,9(9,5) 1?m,4m(SßS) 9,0(9,2) 
B04V 
G04V 
CT3 
CO 
PO* P07 m (5,35m) 
n/v. 5.35 4 m 
POd M «­*jr* /,«?« i6m 
phot* · 0*1 
POS B40V* 1,4m J 
eOí^í r 
Phase shifts of the signals and 
their calculation as the distances 
bet the sensors. 
Figures in parenthesis mean real 
sensor distances 
Fig. 1.3.4/8 : Propagation of pressure fluctuations at 58 Hz as taken from the result given in Fig.6 
Motion of the lower core support structure G03V Inlet pressure Ρ 01 
t=o 
(shut off time) 
t-1,0 sec 
is 2,0 sec 
-*t-50 60 70 00 Hz 50 60 70 60 Hz 
ι 
Figi. 3 . 4 / 9 . APSDs of sensor G 03 V and POI as measured during preop tests (four pumps shut down) 
en 
to 
170 
¿τ 
u N CM 
3 
CO 
CNI 
Σ: 
C­l 
CO 
Ο ­
ΙΟ BO 20 30 40 
FREQUENCY ZUZ7 
F i g i . 3 . 4 / 1 0 : PSDs of pressure and relative motion (measured) 
10 20 30 Í.0 50 60 
FREQUENCY 2HZ7 
- 171 
ΓΝΙ 
a r c r s: • υ 
CSI 
α. 
oo 
O-
5 10 15 
FREQUENCY /HZ7 
F i g . 1 . 3 . 4 / 1 1 : PSDs of pressure and relative motion (calculated) 
ID 
10 -5 
k 
CNI 
X 
0 
c=> 
CO 
Ο ­
ΙΟ 
10" 
-6 
Ώ -8 
10 -9 
/ 
0>i 
ί\ω* 
\ 
5 10 15 20 
FREQUENCY ZHZ7 
25 
172 
Concrete 
Shield 
U900 
2ZZZ2ZZZ2. 
11700 
! M M ! r i i i i l i i 
Measuri 
point L 
ν ' - t · 
MP 3 
Control rod 
Urives 
Cable inlet 
k 6 260 
240° 
Fig. 1.3-4/12 Measuring Points on the Reactor pressure vessel 
- 173 
Accelerometer 
Measuring 
I ■ p—^Plgy m 
pOMTtZ 
Fig.I.3.4./13 Measuring points 
Pressure vessel 
Insulation 
Measuring point5 
Reactor pressure 
vessel 
Measuring point 1 
- 174 -
ca.4-12 900 
^^^^ 
t m 
Accelerometers 
Measuring points 
rø,9 
π?ΖΖΖΖ1 
Χ 7 
Fig. 1.3. £ /U Measuring points on the pumps 
- 175 
CD 
30 
20 
10 
N 
I 
o 
I 
t _ _ 
S 
1 ι 
ooP 8 * tl .. iL 
Ι ί 
n 
nu w y 
k 
/H 
f (cps! 
Fig. I.3¿/15APSD of measuring point 2 ( 7.16h) 
S si 
a. 
< i n -
20 
1 (")■ 
£ I o 
Lf> 
» 
n 
Fig.I.3.4/16 
8Ü¡ ° 
L 
J 
LO 
Å Hi 
1 ^ 
J 
Ί 
ã 
f 
ü 
APSD of measuring point 2 
f [cps] 
( 7.20 h ) 
m 
α 
LO 
Q. < 
3 0 
20 
10 
o 
- 176 
« 
r. 51 8 
LC 
iiii 
S 
J_¿ 
f [epa] 
Fig.1.3.^/17 APSD of measuring point 1 
(lower f requency range) 
co I 
20 
10 
Ν 
χ 
o 
tn 
n 
IL 
LO m o I ^ . LTl 
L D I~~ 
J l JL 
f [cps] 
Fig.I.3.¿/18 APSD of measuring point 1 
(middle frequency range) 
- 177 -
I.4 Measurement- and Identification Methods 
1.4.1 Self-powered Neutron Detectors in Noise Analysis 
A major effort in the framework of investigations which 
have been performed by the T.U. Hannover since 1970 on the 
Lingen Boiling Water Reactor (KWL) was concentrated on 
the application of self-powered neutron (SPN-) detectors 
for at-power reactor noise investigations in light water 
reactors. Concerning the results obtained reference is 
also given to investigations at the Halden Boiling Water 
Reactor (HBWR) and to some measurements performed by 
ENEL at the Garigliano Power Plant (see also 1.2.1) . 
The use of SPN-detectors for at power noise measurements 
is of particular interest, since they are more and more 
used for control purposes and flux distribution measure­
ments. Hence, it may be possible that these detectors can 
meet the requirements for both the static flux distribution -
and noise measurements in view of in-core diagnostics which 
might be useful for an early warning system. 
1.4.1.1 Investigations Using a Prompt Response SPN-Colbalt-Detector 
The experimental arrangements and data-reduction system for 
these experiments will not be repeated here: they are des­
cribed in detail in /1/ and /4/; only some main results 
are shown. 
A prompt response cobalt SPN detector has been used for a 
systematic investigation of the space dependent behaviour 
of the neutronic reactor noise along the axial coordinate. 
The normalized root mean squared noise amplitudes (NRMS-
value) as function of the axial coordinate are shown in 
fig. 1.4.1/1. The horizontal beams indicate the spatial 
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resolution of the measurements due to the finite length 
(21 cm) of the commercial cobalt detector (Manufacturer: 
AB Atomenergi, Sweden). In contrast to the "point reactor" 
behaviour where the NRMS-value is expected to be constant, 
here that value increases linearly up to the center of 
the core and remains constant in the upper half of the 
core. This behaviour is in agreement with a corresponding 
measurement on Garigliano reactor mentioned before, and 
results from enhanced boiling in the upper part of core. 
Two characteristic auto correlation functions of the 
reactor noise in the same reactor core together with 
their corresponding power spectral density functions are 
shown in fig. 1.4.1/2 in absolute units. The curves which 
are characteristic for the lower and the upper part of 
the KWL-core are labeled by detector positions A and B 
marked in fig. 1.4.1/1. The auto correlation functions 
are measured by means of a real-time correlator (Manu­
facturer: Hewlett Packard, Mod. 3721 A) and the power 
spectral densities are gained by Fourier-transforming 
these functions via a Hanning lag window weighting. 
As can be seen in the lower part of fig. 1.4.1/2 the 
shapes of the power spectra change - also in contrast to 
the "point reactor" model - from a low pass characteristic 
in the non-boiling zone to a band pass characteristic 
in the bulk boiling zone. Within the dynamic range of the 
measurement of more than two decades, in fig. 1.4.1/2 no 
constant noise contribution from uncorrelated neutron 
events could be observed which means effectively that 
the detector efficiency of cobalt SPN detectors is high 
enough to monitor those flux fluctuations resulting from 
the actual reactor "power noise". 
In conclusion, it can be said that prompt response cobalt 
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detectors used as in-core devices are very well suited 
to detect the neutronic at-power reactor noise. This 
fact has also been corroborated by similar measurements 
with the help of these detectors on the Halden Boiling 
Water Reactor (HBWR) /1/. 
1.4.1.2 Investigations Using Mixed Response SPN-detectors 
The aim of noise investigations at HBWR and KWL reactors 
using self-powered neutron detectors with mixed response 
was to demonstrate that even these detectors may be used 
for noise measurements even in high frequency ranges. 
A so-called beta-current device, such as the vanadium 
or rhodium detector, shows a mixed response. The main 
output current results from fS-particles emitted by 
activated nuclei. The detector response is therefore 
determined by the decay of the radioisotops in question 
(T.,„ = 42 sec for Rh and 3.76 min for V, respect­
ively) . In addition to this predominant current contribution, 
however, there exists also a prompt current contribution. 
This minor prompt contribution appears because prompt 
capture γ-rays are emitted by the compound nuclei 
immediately after the absorption of a neutron and these 
γ-rays generate Compton- and photo electrons by inter­
actions with the emitter material. Since this latter 
effect works promptly the impulse response function, T(t), 
of a g-current detector is given by 
T(t) = W 6(t) + W,H(t) for t > Ο ρ d 
0 for t < 0 
where W ,W, = prompt and delayed detector sensitivities 
in amps/ην 
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H(t) = Xe = normalized impulse response function 
of delayed component of the considered 
ß­current detector 
λ = In 2/T.,_ = decay constant of the 
β~­active radioisotop 
= 3.072 χ 10 sec for vanadium­, and 
­3 ­1 = 16.50 χ 10 sec for rhodium detector 
The square of the absolute value of the transfer function 
in frequency domain is obtained by Laplace­transforming 
eq. ( 1 ) to be 
|T(u>) | = Τ*(ω) Τ(ω) 
= W 2 + 2W W, Re {Η(ω)} + W,2|Η(ω)I2 ρ ρ α α ' ' (2) 
with Η(ω) = λ/(λ+ίω), since for the Laplace variable s 
holds in this case s = ωi. 
If the last two terms in eq. (2) become small compared 
to the first one, only the prompt part of the response 
of the detector is effective. This is the case when 
ω >> ω_ = 
or more simply 
+ 2-^ Wp (3) 
W. c 
W (4) 
since the prompt part of the response of a ß-current 
detector is in general small compared to its delayed 
part, i.e. W << W,. 
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Introducing characteristic values into eq. (3) 
W /W, =6.5% and 8% for V and Rh /10/, respectively, 
it turns out that the critical corner frequencies result 
to be 
- 0.008 Hz for V-detector 
f 
C = 0.035 Hz for Rh-detector 
Fortunately the interesting frequency range of the 
neutronic reactor noise is beyond these break frequencies. 
Hence, only the prompt part of the total response of a 
ß-current detector can be used and a measured power spectral 
density of neutron flux fluctuations is unadulterated 
provided f > f . 
r — c 
Typical examples are shown in figs. 1.4.1/3 and 1.4.1/4. 
In the first figure two spectral densities of the power 
noise of the HBWR reactor simultaneously recorded by (a) 
a prompt response cobalt detector and (b) by a mixed 
response vanadium detector are to be seen one above the 
other. It is clearly borne out that the vanadium detector 
delivers a spectral density proportional to that one of 
the cobalt detector for frequencies higher than about 
0.003 Hz. Fig. 1.4.1/4 shows three power spectral densities 
of the flux fluctuations measured with a vanadium and a 
rhodium detector (commercial types, manufacturer: AB 
Atomenergi, Sweden) in a nearly central core position. 
The measurements were made on KWL at two different points 
of time. The functions shown are obtained by means of 
a real time correlator/Fourier display system (Manufacturer: 
Hewlett Packard Mod. 3721 A and 3720 A). Thus, it is 
also experimentally confirmed that rhodium-detectors, in 
the same way as vanadium-detectors, can be successfully 
used to detect the "power-noise" in large water reactors. 
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Since in most cases the auto correlation function of the 
actual neutronic reactor noise, Ψ ( τ), can be approximated 
by a δ­function compared with the impulse response function, 
Η(τ), of the delayed component of the response of the 
detector in eq. (1), it can be mathematically shown ­ when 
Fourier­transforming eq. (2) ­ that the normalized auto 
correlation function, R ( T ) , which is measured by means of 
a mixed response ß­current detector, reads 
., 2 ψ(τ) ,_„ ., _,_„ 2. ­λ Ι τ I 
ρ Ψ(Ο) ρ d d 
R(T) = (5) 
W 2 + (2W W,+W,2)c ρ p a d 
where Ψ (τ)/Ψ(O) is the (wanted) normalized auto correlation 
function of the neutron flux fluctuations and c = λ/(4ΔΒ) 
is a dimensionless constant depending on the effective 
bandwidth ΔΒ (in Hz) of the power spectral density function 
of the flux fluctuations. 
It is seen that for τ =0, R(T) approaches unity due to 
normalization. For W = 0 , i.e. for a detector with a 
c 
purely prompt sensitivity, W , the above equation yields 
ir 
directly the wanted function R(T) = Ψ(τ)/Ψ(0). For 
W = 0 , i.e. for a detector with only a delayed sensitivity, 
W,, eq. (5) reduces to R(T) = e 'τ'. This expression is 
nothing else than the normalized auto correlation function 
of the impulse response function of the delayed component, 
H(t), and it is seen that this function does not contain 
any information about the "power noise" of the reactor 
system. 
To visualize the predicted situation in time domain through 
eq. (5) figs. 1.4.1/5 and 1.4.1/6 show typical auto­
correlation functions measured by means of a vanadium and 
a rhodium ß­current detector, respectively. By subtracting 
the delayed background, resulting from the delayed part 
of the detector sensitivity, the (wanted) shapes of the 
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auto correlation functions of the neutronic flux 
fluctuations can be gained. 
Thus, these two figures in the time-domain approach 
supplement the frequency-domain results in figs. 1.4.1/3 
and 1.4.1/4 demonstrate very evidently the applicability 
of mixed response ß-current detectors for the analysis 
of at-power reactor noise. 
1.4.1.3 One- and Two-Detector Experiments on KWL 
Using Neutron and Gamma Sensitive Detectors 
The aim of the following one- and two-detector experiments 
on KWL was twofold: First, different kinds of self-powered 
detectors, which have been fabricated at the Institut für 
Kerntechnik, should be tested for both, flux distribution 
and noise measurements, and secondly, space dependent 
effects should be investigated by two detector cross 
correlation measurements including the utilization of 
reactor gamma ray fluctuations. 
The results presented by the following six figures are 
preliminary and are not yet fully analyzed and understood. 
Figs. 1.4.1/7 to 1.4.1/9 show auto power spectral density 
functions at different axial core positions measured with 
a prompt response Hf-detector, with a gamma sensitive 
miniature ion chamber (Mod. WEL 23616) and a mixed res­
ponse (partly neutron and partly gamma) platinum detector. 
Characteristic features of Hf and Pt detectors are des­
cribed in detail elsewhere /8 - 11/ and other experience 
gained with both commercial, and predominantly, with 
self-built SPN-detectors can be found in /9/. 
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Here, it should be only mentioned that the characteristic 
property of a hafnium detector is its relatively high 
sensitivity to fast neutrons. In a typical light water 
reactor neutron spectrum the ratio of its thermal to 
its fast sensitivity is /8/ 
S^./S- = 1.22 as against 8.6, 17.0 and 5.6 for th fast ^ 
cobalt, cadmium, and erbium SPN-
detectors . 
Due to the relatively high atomic number of platinum, 
these detectors show - besides its neutronic sensitivity -
an additional sensitivity to reactor gammas. It could be 
experimentally shown /10/ that the ratio of the gamma to 
the neutronic induced mean output current of such a 
detector ranges between 25% in the lower part of the 
KWL-core and 35% in its upper part because of the 
axially increasing void fraction which gives rise to an 
increased ratio of gamma to neutron flux in the upper 
part of a BWR-core. Due to their low burn up rates compar­
able with those of vanadium detectors it is expected 
that Pt-detectors possess a considerable potential as 
in-core devices in light water reactors /11/. 
The characteristic property of the axially dependent 
auto power spectral density functions in fig. 1.4.1/7, 
which were measured by a neutron sensitive hafnium detector, 
is the increasing noise intensity in the upper frequency 
range for detector positions in the bulk boiling zone. 
The corresponding curves measured by means of a gamma 
chamber do not show this behaviour, and in the Pt-detector 
curves only -a slight indication of this effect can be seen. 
The latter fact is obvious and consistent since the Pt-
curves are mixtures of neutron and gamma ray spectra. 
Thus, as a preliminary conclusion, it can be ascertained 
that the neutronic noise - detected with a detector with 
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relatively high fast neutron sensitivity ­ reveals much 
better the "boiling noise" than the gamma noise. A theo­
retical investigation of this boiling noise, which is 
sometimes also called "slowing down noise" because of 
distorted removal of the fast neutrons by steam bubbles, 
is presently underway at the Institut für Kerntechnik. 
Figs. 1.4.1/10 to 1.4.1/12 show results obtained with 
the same detectors by evaluating cross correlation 
experiments. Each figure contains the absolute value of 
the coherence function together with the corresponding 
phase shift as function of frequency. The accompanying 
sketch of the KWL­core indicates the labeled detector 
positions. The first evident fact is the high coherence, 
even for distant detector positions up to 1 Hz and the 
sudden break­down of the coherences beyond 1 Hz. This is 
in contrast to the results of in­core cross correlation 
measurements at the Garigliano reactor. It is also seen 
that the dynamic coupling of the gamma field is as strong 
as for the neutron field. 
Based on the results of a recent paper /12/ it can be 
theorized that the spatial coherence range for the gamma 
field in axial direction of a cylindrical reactor core 
in the delayed critical state is at least as high as 
that one of the neutron field provided 
y >> 
M 
=r- + B 2 r 
1/2 
λ << ω << 1/1 (6) 
/ 
where 
= effective attenuation coefficient for 
prompt fission and capture gamma rays with­
in the reactor core, cm 
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..2 2 
M = migration area, cm 
2 2 2 
Β = (2.405) /R = transverse buckling of the 
core, R = radius of core, cm 
β = effective fraction of delayed neutrons 
1,7 = thermal neutron life time, sec, and mean 
decay constant of precursors, sec 
Assuming a mean gamma energy of = 1 MeV and a mean local 
void fraction of = 30% the attenuation coefficient for 
these gamma rays in the KWL-coro (including absorption in 
U0„-fuel) is μ = 0.206 cm . The numerical value of the 
2 2 
right side of the above equation yields (M f f - 91 cm , 
β = 0.007, R = 1.21 m) = 0.0217 cm"1. 
Hence, the above condition is fulfilled and the high 
coherence of the gamma noise in fig. 1.4.1/11 confirm 
the predicted behaviour. However, the absolute height 
of the coherence for all three measuring series and their 
sudden cut-off at about 1 Hz could not yet be understood. 
For a spatially constant noise driving force the coherence 
length in axial direction should be the reziprocal of the 
right side of the above equation, namely about 46 cm. The 
observed values in the frequency range f < 1 Hz are too 
high even if the effects of delayed neutrons are included 
in this low frequency range /13/. 
A similar situation is found with the phase shifts. An 
equivalent analysis like in Garigliano reactor, concern­
ing local steam velocities, results for the low frequency 
range in numerical values between 20 and 30 m/sec which 
are obviously too high (see 1.2.2). Therefore, the interest 
is now focused on the higher frequency range. However, it 
should be noted, that for the test campaign of the self-
powered detectors in KWL reactor it was not possible (due 
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to mechanical reasons) to measure phase shifts between 
axially spaced detectors in the same radial positions. 
Such experiments are planned for the next future. 
Due to the high coherences of the neutronic field up to 
1 Hz with values nearly unity the KWL-core exhibits in 
that frequency range with good approximation a point reactor 
behaviour. May be that this global appearence is only 
simulated by a mechanism which produces instantaneously a 
flux perturbation in the whole core as a result of any 
other perturbation. The pressure-flux interaction is in 
principle such a possibility and is believed to be respons­
ible for such an effect. Further investigations will be 
focused also on this point. 
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1.4.2 Computer Codes for the Prediction of the Vibration 
Behaviour of Reactor Structures 
For the calculation of the dynamic behaviour of struc­
tures in the time and frequency domain, there exist va­
rious programs, which are partly rather volumenous and 
complicated (e.g. STARDYNE, ASKA-DYNAM). However, there 
are no or only few codes of universal character, which 
,are handy and easy to applicate. This posed especially 
problems when trying to make theoretical studies as a 
support for the interpretation of noise signals with 
respect to vibration phenomena. For this reason two 
programs were developed, which allow to calculate the 
dynamic behaviour of any structural configuration of 
not too large size in an universal manner, and which 
also meet the special requirements for investigations 
in the context with the loss of coolant accident or 
earthquake problems. For the latter two purposes the 
program SWING-R can be preferably used, which takes in­
to account nonlinearities of the structures and friction 
between the several discrete masses. It calculates the 
vibrations in the time domain as a consequence of deter­
ministic excitements /1, 2/. 
The program EIGEN computes frequency responses of any 
structures, i.e. the system response as a consequence 
of deterministic input excitements. However, because of 
the analogy of the matrix correlations for deterministic 
and stochastic processes it is also possible to have in­
put signals. It is therefore well suited for the inve­
stigation of structure vibrations in power reactors, 
which are excited by stochastic processes, e.g. pressure 
fluctuations of the coolant. In addition the presenta­
tion of the results in the frequency domain is very prac­
tical for comparison with noise measurements, because 
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they are also given mostly as power density spectra. 
1.4.2.1 The Computer Code SWING­R 
The program calculates the course of the space­, velo­
city­ and acceleration­coordinates of multi­mass systems 
with 10 degrees of freedom. Thè mode of discretisation 
of the system is not important, e.g. the mass matrix for 
the simulation of continuously distributed masses can be 
obtained according to the methods of "lumped­mass re­
presentation" or "equivalent­mass matrix" /3/. 
The vector differential equation of the entire system 
/M/x + /Ç/x + /K/x = f(t) 
is transferred in the space of state variables 
¿ = A7V.+ F(t); fpj =|_°­1K _ M­1 cj. Fit) ={°­1f(t)j 
and can then directly be integrated, presumed the vector 
of the exciting forces is composed of the single exci­
ting forces available in digital form. The solution is 
/V, /4/: 
*t+At = ¿V *t + /0S "t + ¿V^t+At 
with the transition matrix /i?./ = f J and the exciting 
matrices of the digital power vector (polygonal presen­
tation) £0λ.7, IV??, ... 
The advantages of this method (time history analysis or 
matrix exponential method) are: 
­ for the solution of the equation systems it is not 
necessary to know the eigenvalues and the eigenvectors 
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- the dampings which cannot be neglected can be consi­
dered exactly without additional expense of calculation, 
In order to introduce nonlinearities (the time history 
analysis is the only method to introduce them with 
reasonable expense), e.g. nonlinear springs are piece 
by piece approximated by linear springs, whereby - accor­
ding to the state of tension of the spring - the calcu­
lation is based on the momentary relevant value of the 
spring stiffness. Friction between two solid masses 
creates a strong expressed nonlinearity, because it 
approximately represents a constant extern power during 
the state of sliding friction, whereas it acts as vari­
able interne power during the state of static friction 
reducing by one the degrees of freedom of the system. 
For the calculation of such processes a formalism was 
developed for the program SWING-R, which makes possible 
to determine the momentary state of friction of mass 
pairs and to determine the transition of the sliding 
friction to.the static friction and vice versa. Those 
friction processes are of interest for instance for the 
vibration behaviour of fuel rods. 
1.4.2.2 The Computer Code EIGEN 
For application in deterministic processes the program 
calculates the frequency response of linear systems up 
to 10 degrees of freedom. The vector differential equa­
tion of the entire system 
/M/x + /C/x + /K/x = h(1)cos fit + h(2)sin fit 
leads to the input/output relation for the quasi-statio­
nary state 
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g_(fi) = /F{ía)J h 
h j - const. 
Hence the frequency responses of the outputs g. with 
their resonances and interferences can be calculated, 
when the deterministic input excitement h is known. There­
fore the frequency behaviour of the system is known with­
out calculating the eigenvalues. 
Squaring the equation of the input/output relation accor­
ding to the rules of the vector analysis by taking the 
dyadic'vector product one achieves: 
2 = /F/­h; 2 T = hT­/FT7; 22 T 
¿g*7 = / Ε / · / Η * 7 · Α Τ 7 
/ F / . h · h T - /F T 7 
The analogy of this expression with the input/output re­
lation for the stochastic excitement 
/Sya(fi)7 = / F t i B ) ; . ^ (Ω)7·/ΕΤ(ίΩ)7 
demonstrates, that the determination of the frequency res­
ponse for a deterministic excitement can be used also for 
the calculation of the output auto-power density spectra 
of a linear system, if the input excitement is given as 
a power density matrix. The conditions for this kind of 
calculation are fulfilled, when the input power spectral 
density matrix is formed by a stochastic process of one 
source only. Whether a similar analogy can be used for a 
vibration excitement consisting of several noise sources 
is still to be checked separately. The code is net yet 
completely finished. 
According to the methods demonstrated above it was tried 
to perform a model calculation in order to trace back 
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theoretically the measured pressure fluctuations of the 
coolant and the measured movements of the pressure-vessel/ 
core barrel system /5/. The results were promising (see 
1.3.4) . 
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1.4.3 Modem Identification Methods for the Investigation of 
Reactor Structure Part Dynamics 
For the analysis of linear dynamic systems with stocha­
stic input and output signals, preferably so called black 
box identification methods have been used so far. The in­
formation on the investigated system was achieved from 
the measured signals by means of the correlation or the 
covariance functions, by means of the power spectra, the 
coherence- and probability density functions, the stati­
stical parameters, etc. /1/f /2/, /3/, /4/,/5/, /6/. 
However, the results gained with these methods were only 
suitable for the identification of parameters of simple 
systems (e.g. single input/output systems) and in addi­
tion had, for the most cases, empirical character. 
In order to get results on the dynamic behaviour of com­
plicated systems (e.g. multiple input/output systems), 
and especially of the magnitude of the parameters, it is 
necessary to establish adequate mathematical models. The 
modern identification methods are based upon optimal stra­
tegies , which are adapting the developed mathematical 
model to the actual physical system by means of the exi­
sting measurements and a certain a priori information on 
the system. In the ideal case equivalence of the two 
structures can be achieved. The basic work on these methods 
was done by R.E. Kalman and R.S. Buey /7/, /8/ in the 
years 1960/61. 
In the most cases a presentation of the mathematical model 
in the state space is chosen, because then differential 
equations of the first order are achieved. In addition 
recursive calculation methods are available, which permit 
reasonable solution time and memory size of the digital 
computer. Depending on the choice of identification algo-
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rithms also presentations in the z-space are possible. 
An attempt to applicate the modern identification methods 
to the vibration behaviour of the reactor vessel/core 
barrel system of the STADE Nuclear Power Plant was made 
in /9/, /10/. The model was based upon the knowledge of 
the pendular behaviour of these structure parts. It des­
cribed pendular movements in any radial direction and in 
addition separate vertical movements of the vessel and 
the barrel (fig. 1.4.3/1) . However, the practical application 
mainly suffered from the fact, that there were not avail­
able sufficient measurement signals, A special difficul­
ty was also posed by the calculation of the exciting 
forces from the measured pressure signals. 
All these problems are briefly discussed in.1.3.4.2. The 
analysis is going on, the next step being to define a 
simpler case, e.g. in order to avoid restrictions by lacking 
measuring signals. The process model and the observa­
tion model developed so far are given below, whereby an 
introductionary part shortly outlines the basic problem 
posed when identifying system-states and parameters. 
[.4.3.1 Identification of System States and Parameters Basic 
Problem 
[.4.3.1.1 Modelling of the System 
The global structure of the investigated system is given 
by the physical-mathematical equations. However, it is 
basically no trivial task to establish the model equa­
tions. Generally these are nonlinear, time variant or/and 
partial differential equations. 
Having set up adequate model equations they are lineari-
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zed and reduced (see fig. 1.4.3/2). The state space presentation 
of the dynamic system is described by the linear stocha­
stic vector differential equation 
x(t) = F(t)x(t) + G(t) w(t) (1) 
x(t) η χ 1 
w(t) r χ 1 
F(t) η χ n 
G(t) η χ r 
state vector 
noise vector (process noise) 
system matrix 
input matrix 
Further on the following statistical parameters are 
assumed to be known: 
(w(t)} = 0 
|w(t)wT(i-)} = Q<t)6 (t-τ) 
{x(t )] = χ Ι— o J _o 
{(x(t )-x ) (x(t )-xJT} = Ρ 1 — o __2. ~" o _o J ( 
|w(t)xT(to)} = 0 
Q(t) is a (rxr) symmetrical positive semidefinite matrix, 
whose elements are representing the covariances of the 
process noise. PQ is the (nxn) variance matrix of the state 
vector, for t = t . 
Approximating the continuous process model one gets the 
discrete model; i.e. the difference equation 
x(k+1) = 4>(k)x(k) + Γ (k) w(k) (2) 
with the following approximative correlations 
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Φ (k) - I+F(t, ) At (transition matrix) 
G ( V Γ (k) =  t )At k 
Q (k) At 
1.4.3.1.2 Modelling of the Observation (Measurement) Model 
Besides the development of the process, model it is also 
necessary to verify the observation model. The correspon­
ding model equation is a linear combination of the state 
variables and the measurement noise: 
z(t) = Hx(t) + v(t) (3) 
_z(t) m χ 1 measurement vector 
v(t) m χ 1 noise vector (measurement noise) 
H m χ n observation matrix 
E {v(t)} = 0 
E (v(t)vT(x)} = R(t) 6D(t~r) 
E (w(t)vT(t)} = 0 
E {x(t)v T(t)| = 0 
The (mxm) covariance matrix R(t) of the measurement noise 
is positive definite. 
In discrete presentation we get 
z(k) = Hx(k) + v(k) 
The observation matrix H contains a priori information on 
the properties of the whole measurement chain (sensors, 
amplifiers, etc). It may be necessary to perform an adequate 
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management of the measurement data in order to compensate 
the various influences of the measurement chains. Of course 
this presupposes the knowledge of the dynamic behaviour 
of the various measurement devices (e.g. the frequency 
response). 
1.4.3.1.3 Observability, Controllability, Stability and 
Identifiability of the Process- and Observation 
Model 
Suppositions for the regularity - especially the asympto­
tic behaviour - of the optimal filter and the accompaning 
Riccati-equation are the observability and the controll­
ability of the system /11/. Necessary conditions for the 
regular behaviour are: 
a) Q and Ρ positive semidefinite 
b) R positive definite 
c) F(t), G(t), H, Q(t), R(t) restricted steady func­
tions (Lipschitz-condition) 
The system /F(t), H/ is equally and completely R-observ-
able when the information matrix 
t 
I(t,to) = ƒ $T(T,to)HT(T)R"1(T)H(T)$(T,to)dT (4) 
t o 
is positive definite, with the transition matrix Φ(τ,t ) . 
For time invariant systems the condition of the observabi­
lity can be replaced by the following simpler form 
rank (Qß) = η (5) 
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with 
QB ' HT!FTHT¡FT2HT¡...JFTn"1HT] (6) i l ' 1 -¡ 
and n ... dimension of the state vector 
The fundamental importance of the equations (4), (5) is 
demonstrated by the fact, that the variance of the esti­
mation errors of all state variables can be only redu­
ced by means of the measurements, if the system is com­
pletely observable. 
The question of the filter stability and of the Riccati-
equation is strongly linked to the controllability of 
the process through w. Assuming all preceeding supposi­
tions (regularity, R-observability) are fulfilled, a 
sufficient experimental asymptotic stability of the algo­
rithm is the Q-controllability of the /F(t), G(t)/-system. 
CQ(t0,t.,) = ƒ Φαι,τ)σ(τ)0(τ)0Τ(τ)ΦΤα.) ,x)dx>0 (7) 
t o 
consequently we get for time invariant matrices 
rank (Qg) = η (8) 
with' Q s 
1 ' 2 ' ' n-1 GlFGl F Gl . .. F G l i l i (9) 
When the process model is stable, it is not necessary 
to demonstrate the Q-controllability. Condition (7) 
means, that the noise w is contributing to the stability 
of the optimal filter. Hence, for small noise contribu­
tions and additional modelling errors, the optimal filter 
need not be necessary stable. The proof of the filter 
stability and of the Riccati-equation can be performed 
by means of the Ljapunov function of the quadratic type /12/, 
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The criteria of local identiflability of linear dynamic 
systems with a set of unknown parameters are dealing with 
the questions, if such a set of parameters is at all iden­
tifiable. For more details it is referred to literature 
/13/f /14/. 
1.4.3.1.4 A priori Information 
For many of the known identification algorithms it is 
necessary to have an a priori information on the initial 
conditions of the states and parameters, and on the co-
variance matrices of the process- and measurement noise 
and of the variance matrix of the state estimation error. 
This is important especially in context with the amount of 
iteration steps and with the eventually only sub-optimal 
filter behaviour. Therefore it seems reasonable to gain 
those informations by means of "classical" methods (corre­
lations, statistical parameters, etc.). 
For the pre-estimation of parameters in general least square 
methods are used besides the know-how of the designer of 
the investigated system. An additional important question 
is the adequate choice of the system order. For this various 
process procedures can be used (polynomial test, statistical 
F-test, etc.), and the proof, that the innovations of the 
Kalman-filter represent white noise /15/. 
1.4.3.1.5 Identification Algorithms 
From the literature many state estimation algorithms are 
known. However, up to now it is not possible, to find 
general information on the choice and the quality of the 
various algorithms for general systems. The best known 
algorithms are: 
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Least square estimation (LS) 
Generalized LS estimation (GLS) 
Instrumental variable method (IV) 
Maximum likelihood algorithm (ML) 
Maximum a posteriori algorithm (MAP), (Bayes updating) 
- Monte Carlo methods 
In order to gain the estimation values, it must general­
ly be distinguished between: prediciton, filtering, 
smoothing. In this report we deal only with filtering pro­
blems . 
In addition the following conditions should be fulfilled 
for the estimation algorithms: 
unbiased estimator 
consistent estimator 
efficient estimator 
sufficient estimator 
The choice of the algorithm is dependent on the system 
size and on the other considerations with respect to 
cost and expense (computation time etc.). It can be also 
necessary to apply several algorithms in parallel. 
In the context with the least square (LS), the maximum 
likelihood (ML) and other methods the problem of mini­
mization of a quality criterion for the parameter estima­
tion is arising. Besides the gradient procedures of the 
1st and 2nd order the following methods can be used /16/, 
/17/, /18/: 
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- Conjugate gradient method (and modifications /18/) 
- Newton-Raphson method 
- Modified Newton-Raphson method 
- etc. 
and: 
- Direct search techniques 
- Random search techniques 
- etc. 
The identification task can be devided into two parts, the 
a priori knowledge on the structure and the a posteriori 
knowledge on the measurements. Fig. 1.4.3/2 shows the basic 
identification procedure. 
'1 
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1.4.3.2 Dynamic Model of the Vibrating Reactor Vessel 
Internals of the STADE Nuclear Power Plant 
1.4.3.2.1 The Process Model 
In this chapter a dynamic model is developed, which des­
cribes in the state space the pressure vessel and the 
core barrel vibrations. These structure parts connected via the 
clamping on the lid flange represent the coupled two­
mass­system. For the description of the movement the 
Lagrange­formulism is used. The Lagrange­equations of 
the 2nd type are : 
d ÖL SL _ ­
dt i)q± " ì>q± Ui (10) 
i = 1 (1)n 
L = T ­ V ­ D (11) 
Τ ... kinetic energy 
V ... potential energy 
D ... dissipative energy 
Q ... exciting forces 
q., and q, are the general coordinates, the special ones 
are introduced according to fig. I.4.3/3 
Assuming small amplitudes we get for the 
Kinetic Energy 
Τ = ·1θά];)(Δά2 + Δβ2) + ^ 9 k b [(Αα + Δγ) 2 + (Δβ+Δδ)2] 
+ Kb^d2 + kb ( ÄvA^' 2 
Μ., , M,, ... masses of the pressure vessel and core db kb c 
barrel 
(12) 
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θ,, , θ,, ... moments of inertia of the pressure vessel and db kb 
the core barrel with respect to the axis 0^, 0^ 
Potential Energy 
The amplitudes s-, ., and sv . are in the plain 
For the potential energy we get 
Ν 
V- - 1_JT Cd/i (Δαχ.+ΑβΥ.+Δζά) -
i=1 
(13) 
Ν 
2 
i=1 
" Ι Σ Ck,i (ΔϊΧί+Δ^.+Δ^) 
c, . c, . ... spring constants 
U/l Κ ƒ 1 
Ν ... number of springs 
χ. r y. ... coordinates of the springs 
Dissipative Energy 
Assuming that for small amplitudes, x., y. are indepen­
dent from time, we get for the dissipative energy 
Ν 
D ="\ Σ ] ^.(Δάχ.+ΔβΥ.+Δζά)2 -
i=1 
(14) 
Ν 
- \ H dk^ÎAïXi+A'ôy.-fA^)2 
i=1 
d, . d. . ... damping constants 
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Exciting Forces 
For the excitement of the pressure vessel and core barrel 
vibrations, especially hydrodynamic processes have to be 
considered. Therefore it seems reasonable to formulate 
the exciting forces as linear combination of the pressure 
fluctuations and their derivations, measured at the in­
let and the outlet of the vessel and at the lower support 
grid. 
The exciting forces are formulated as follows (fig. 1.4.3/4): 
Q Ξ 
Λ 
Qd 
Qd 
Qk 
Qk 
Λ 
rX 
Ύ 
rZ 
rX 
ry 
' z . 
r -, 
A d 
A, k 
• 
ρ 
ΔΡ1 
ΔΡ2 
ΔΡ3 
-
+ 
Β , d 
Bk 
« 
Λ- . 
• 
ΔΡ1 
• 
Δρ 
2 
« 
ΔΡ5 
-
(15) 
whereby the matrices A,, A, , Β,, Β, are considered as un­
knowns . 
The equation (15) is valid only when assuming the pressure 
deviations Δρ., Δρ2, Δρ.. and their derivations deliver 
sufficient information about the exciting forces. For the 
quasi stationary case we write according to the action-
reaction-principle : 
-A, d k 
After using the equations (15), (14), (13) and (12) in 
connection with the initial equation (10), performing 
algebraic reconfiguration and making the assumption, 
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that the time behaviour of vector Δρ can be described by 
a system of 2nd order differential equations, we get 
the following stochastical vector differential equation 
x(t) = Fx(t)+Gwn (16) 
with χ as the state vector 
Δω j — d 
X = 
Δωκ 
^ k 
1Δ£ 
Δ£ 
with the correlations 
¿Yd s 
^ k -
Δ fi 
Δ Τ ' 
Δ<ί" 
Δ2κ 
ΔΤκ = 
Δρ s 
Δ Τ 
Δ ί 
A Ï K J 
Δρ-," 
Δ Pi 
Δ Ρ ι . 
ä^d -
Δ £ S 
Δ ά 
Δβ> 
. A ¿ d 
Δρ-ι 
Δρι 
Δ Κ 
¿Δρ 
System matrix F: 
F Ξ 
M i j>d 
M.V1 Dd 
I 
0 
0 
0 
M ^ 3>κ 
M ^ D K 
0 
I 
Re 
0 
M"/Cd M ^ C k M ^ B j + Λ Ι ^ Β κ M ; \ , + M ; } X 
M«C d Ml1Ck Μ Λ % + Μ ; Ί Κ M^Aoi + M i X 
o o o o 
o o 0 0 
0 Gif Rf Qp 
0 O I 0 
999 
Input matrix G and white noise vector w : 
S­w„ = 
­
0 
0 
0 
0 
w 
0 
= 
0 
I 1i,''¿ 
0 g­Η,­Η 
0 
0 
0 
0 
2nd order differential equations for Δρ: 
δ Δρ - R δΔρ+R Δω,+Q Δρ+Q A£,+W 
w i t h 
ΟΔρ = Δ ρ W =· 
W, 
W, 
Δ ω . 
ΔΤ 
Ad" Aft 
Λ Τ 
¿J" 
Δϊχ 
(17) 
R , R / Q , Q are the model matrices for the presenta-δ ω wp νφ ^ 
tion of Δρ_ 
The following definitions are used: 
M (M1# M2, M12) 
D (Dk, Dd) 
mass matrix containing the moments of 
inertia and masses 
damping matrix containing the pro­
ducts and sums of the damping con­
stants and the amplitudes 
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C (C, , C.) 
A (Ak, Ad) 
Β (Bk, Bd) 
spring matrix containing the pro­
ducts arid sums of the spring con­
stants and of the amplitudes 
input matrix, see equ. (15) 
input matrix, see equ. (15) 
identity matrix 
Discretisation of the Process Model 
Assuming the vector w (t) becomes constant in the inter­
vail k At, (k+1).At , we get as the solution of equation 
(16) the transformation equation: 
x(k+1) = «>(At)x(k)+r(At)wn(k) (18) 
Φ(At) and Γ(At) according to the relations in equ. (2) 
Because the vector w (k) is white noise, equation (18) 
represents the Markoff­process model. 
1.4.3.2.2 The Observation Model 
The relation between the measurement variables· and the 
state variables are described by the observation model. 
Assuming, only the deviations Αψ,, Αφ, and Δρ were 
measured we get for the observation model: 
z(k) = Hx(k) + v(k) (19) 
with 
z(k) = 
Η 
ΔΡ 
0 ö 
0 0 
0 0 
1 0 0 0 
0 1 0 0 
0 0 0 1 
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ν (k) 
ν-, 
Vi 
1.4.3.2.3 Identification Methods 
In equation (16) we find the time invariant block matrices 
F and G, which contain, from the point of view of system 
identification, the unknown parameters. The unknown ele­
ments of the block matrices F, G are the matrices C, D, 
A, B, R, Q, G. The mass matrix M can be obtained from 
the geometry and the masses of the structure. 
The identification problem is formulated as follows: 
Based upon the measurement signals of the vectors Atp,, 
Αφ, , Δρ a consistant and asymptotic-efficient estima­
tion of the elements of the matrices C, D, A, B, R, Q, 
G is to be done. As already indicated in 1.4.2.2 an ade­
quate start model (a priori information) is the suppo­
sition for the convergence of the ML- and MAP-estimation 
procedures. For the estimation of the initial values the 
LS-method is used beginning with equation (17). For the 
estimation we get 
* ,TTT.-1TT u = (L L) L y M 
whereby 
with 
I — "Ψ» S 
* 
J M 
y = 
Y JH 
α ϊ 
0 
_ o 
ο σ 
αΤ 0 
0 αϊ. 
weighting matrix 
α > 1 
and after rearrangement of equation (17¡ 
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M, 
Mis. 
0 
M n 0 
M* 0 
0 I 
= 
U.LOd 
σ 
0 
0 U ^ 
<U 0 
0 0 
0 
^ 
σ 
% 
0 
0 
σ υ Δ ρ 
ΜίΛρ ° 
0 0 
0 ο σ ο ο 
υΔρ 0 0 0 0 
ο ^ O ^ u ^ i p 
υ-f 
y_ = Su + e (21) 
Because equation (21) shall be valid for any instant of 
time t = kAt one gets the following vector differential 
equation 
3(1) 
1 
1 
y(N) 
-
'Sd) " 
« 
sw 
• u + 
¿C")" 
ε(Ν> 
*N = S N H + EN (22) 
The structure of equation (17) is to be considered only 
as a hypothesis. Therefore it is possible that one ob­
tains the matrix V = Ε \ ε e j not in the diagonal shape. 
This means we get z_ as coloured noise. In this case it 
is necessary to modify the structure of equation (17), 
e.g. by enlarging the order of the equation and hence 
bringing V to a diagonal shape. 
First of all, the ML identification algorithm shall be used 
for the solution of the identification problem. Because 
the process and the estimation model are linear this al­
gorithm is identical to the standard Kalman­filter /11/, 
/18/, /19/. In order to minimize the cost functions, i.e. 
in order to gain the unknown parameters, the methods 
given in 1.4.3.1.5 .can be applied. 
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The vector of the unknown parameters is 
Τ _ Γ 
Η. = L C d , x x " · " Cd,zz' dd,xx·"' dd,zz' ck,xx'···' Ck,zz' 
(23) 
bd,11"··' bd,33' ad,11' ' ad,33"··' g13' g14, g15 
The calculation algorithm of the ML identification is 
shown in table 1.4.3/1. In fig. 1.4.3/5 the structure of the 
Kalman-filter is presented. 
Another possibility for identification is given by mo­
delling the time invariant unknown parameters, i.e. by 
formulating the difference equation. 
u(k+1) = u(k) (24) 
and by extending the state vector by means of the vector 
u. Then the process model gets the following shape 
x(k+1) 
x'(k+1) = 
u(k+1) 
*(x(k),u(k) ,k)+rw(k) (25) 
For the identification the invariant imbedding maximum a 
posteriori (MAP) algorithm according to Sage, Me Isa 
/18/ is used. Then we gain the advantage, that together 
with the state variables the unknown parameters can be 
identified directly. A disadvantage is the enlargement 
of computation expense. In addition it is necessary to 
have a sufficient a priori information about the para­
meters which are to be estimated. The invariant imbedding 
-MAP algorithm is shwon in table 1.4.3/2. As demonstra­
ted there, the algorithm is working like the Kalman-
filter, however, we find the derivation of the transi­
tion vector $ with respect to the state estimator within the 
expression for the error variance P(k+1) (Riccati-equation) 
227 -
For the discussed identification algorithms (ML, MAP) a 
general applicable digital program was developed. Up to 
now the dynamic model for the vessel internals (as 
shown in 1.3.4) could not be calculated with one of 
the two filter algorithms, because still additional 
investigations are necessary, e.g. the dynamic beha­
viour of the instrumentation chains, the adequate-
ness of the available measurement signals, the suit­
ability of the pressure signals as a measure for the in­
put sources, etc. 
Summarizing it is to be stated, that so far it was only 
possible to show some global problems when applying 
modern identification procedures for system analysis 
and synthesis. It turned out that the required expense 
is rather large and that it can be reduced only to a 
certain extent for each new problem. Again we have to 
remember the difficulties starting with the measure­
ments, the modelling, the model structures and the 
application of the algorithms. Further on it can be con­
cluded, that even for comparably simple practical pro­
blems a rather redundant working procedure is necessary 
(repeating of measurements, various algorithms, impro­
ved model structures). Inspite of these difficulties 
the possibilities inherent in these methods have to be 
seen optimistic especially in the light of the identi­
fication problems which have been solved already, e.g. 
in the aircraft and space field. In addition consider­
able progress to be expected in computer techniques and 
application theories (e.g./22/). 
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P02 
R11R/T 
R12R/T 
12 V.... A15V 
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003V,Q04V 
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G02V...G05V Vibration velocity sensors of core support structures 
A12V...A15V Absolute displacement sensors pressure vessel 
R11R/T, R12R/T Relative displacement sensors pressure vessel/core barrel 
F i g . I . 4 . 3 / 1 : STADE Nuclear Power Plant,Main Structure Parts 
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message model 
o b s e r v a t i o n 
model 
p r i o r 
s t a t i s t i c s 
f i l t e r 
a l g o r i t h m 
o n e - s t a g e 
p r e d i c t i o n 
a l g o r i t h m 
f i l t e r g a i n 
a l g o r i t h m 
f i l t e r p r i o r 
e r r o r v a r i a n c e 
a l g o r i t h m 
f i l t e r e r r o r 
v a r i a n c e a l g o r i t h m 
maximum 
l i k e l i h o o d 
i d e n t i f i c a t i o n 
c o s t f u n c t i o n 
f i l t e r i n i t i a l 
c o n d i t i o n s 
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Fig.1.4.3/2 : Identification Task according to R Eykhoff, Tutorials 3rd IFAC Symposium, 
The Hague, June 1973 
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1.5 Summary and Conclusion 
In PWRs of the investigated type the analysis of neutron 
flux as measured outside the core can be used to moni­
tor the vibrational behaviour of the reactor vessel/core 
barrel system. This result was proved by preoperational 
vibration measurements, by correlation between vibration 
and neutron flux signals and by comparison with theore­
tical models describing the mechanical structure. Dis­
placement gauges and accelerometers mounted to the sur­
face of the pressure vessel wall even may provide in­
formation on alterations of the vibrational behaviour 
of internal structure parts. Refinement and extension 
of the models and additional investigations during the 
preoperational phase would certainly enable the finding 
of further possibilities to supervise selected structure 
parts. The application of identification theory for 
matching the models to the actual vibrations still need 
further investigation. Analysis of pressure noise 
(measured along the coolant path) and displacement sig­
nals during the preoperational tests permit insight in 
the hydrodynamic behaviour of the coolant and of the 
random forces acting on the structure. 
For BWRs so far no significant influence of vibrations 
on the neutron flux signal was experienced. The over­
all noise as created by the boiling process seem to be 
too dominant. Various promising results were gained 
when using accelerometers. Incore ion chambers positio­
ned one above the other in the coolant channel are suit­
able to measure mean local steam velocities. They can 
be certainly used to monitor coolant channel blockages. 
Intensive investigations of various type of self-powered 
detectors showed their suitability to measure neutronic 
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at-power noise. This holds for the prompt response and 
for the mixed response detectors as well. 
Summarizing it can be stated that the vibration and 
noise analysis being now in the state to enter practi­
cal application and to provide help for various cases 
where on-load surveillance is envisaged. Loose particle 
monitoring systems are being installed more and more 
in the large power plants. Measuring of core barrel 
vibration by means of the neutron flux again demonstra­
ted its usefulness on the occasion of the Palisades in­
cident. The first permanent installations of vibration 
monitoring systems are on the way. In general a certain 
trend can be observed to better utilize the possibilities 
for monitoring on-line the mechanical state of the over­
all plant in order to avoid possible propagating of de­
fects, to judge on the right moment of repair and thus 
rising the availability and safety of the plant. 
PART II: TURBINES 
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II.1 Introduction 
In the light of increasing power demands and economic 
considerations, it has become necessary to construct and 
put into operation considerably larger turbo-sets than in 
the past. The higher rating per unit, however, results in 
substantially higher financial losses per incident of da­
mage than hitherto, in addition to which surveys and in­
spections also entail higher costs. 
It is therefore obvious that endeavours must be made to 
monitor the mechanical state of the machine during operation 
in such manner that breakdowns resulting from damage, and 
shut-down periods occasioned by inopportune inspection inter­
vals, are restricted to a minimum. The present methods of 
monitoring are, in this respect, in need of revision and im­
provement . 
The study referred to in the foreword furnishes a review of 
the efforts made in the past within the European Community 
to procure information on the mechanical state of a turbine 
by means of noise and vibration measuring, without having to 
take the turbine out of operation. This revealed that at pre­
sent no really informative results are obtainable from noise 
measuring. Better, but by no means satisfactory results have 
sofar only been achieved in the field of vibration measuring. 
In the course of the subsequent study, which is the subject 
of this report, the following objectives were pursued: 
1. In view of the fact that the hitherto applied "global" 
procedure in ^ the field of noise measuring has not led to 
the desired results, its limitations as regards the early 
detection of damage should be determined by specific appli­
cation to certain endangered components (e.g. blade 
carriers, valves, etc.). 
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2. The experience sofar available in the field of vibration 
monitoring should be made accessible to operators to 
enable them to furnish accurate data on the mechanical 
state of the rotor and the bearings of a turbine. In this 
connection, the measuring prerequisites, which must first 
be fulfilled, are elucidated. 
3. Further investigation should be made into whether the 
early detection of damage by means of noise and vibration 
measuring can be improved by additional investigation of 
mechanical and thermodynamic parameters. 
Tests carried out by EdF on the Arrighi 8 MW turbine as per 
Section 1 have sofar been unsuccessful, due to reasons connec­
ted with the Vlbracoax pick ups, which were employed for the 
first time. The tests are being continued. No conclusive re­
sults can, however, be expected within the contract period. 
An example of noise analysis successfully conducted by 
LABORELEC within the meaning of Section 1 is dealt with in 
Chapter II.5. 
The criterions for qualitative assessment referred to under 
Section 2 are set-out in Chapter II.6. Chapter II.3 deals 
with the measuring prerequisites. 
The work in connection with Section 3 is still in progress. 
Insofar as concrete results are available, these are dealt 
with in Chapter II.6. 
In Chapters II.2 - II.4 the basic fundamentals of noise and 
vibration monitoring and diagnosis are summarised, based on 
the experience gained by the contract partners through various 
means. This furnishes pointers on future development work in 
this field. 
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II.2 MECHANICAL STATE OF HEALTH OF A TUKBINE 
Definition of monitoring and diagnosis 
The operation of a machine generally involves the coining into 
play of forces, some of which can be considered as causing a 
deformation of the structure of the machine. They are the 
provocative forces, some of which are static and some dynamic. 
For instance, putting a condenser under vacuum produces a 
static force which acts on the foundation of the turbine; the 
lack of balance of a rotor results in a dynamic force that 
acts on its bearings. 
These provocative forces impose on the structures involved a 
deformation that can be a combination of a static deformation 
(displacement) and a dynamic deformation (movement). This 
reaction of the structure to the stress is the physical pheno­
menon the occurrence of which is most easily brought to notice 
because it is easily accessible to measurement, or even to 
human perception (touch, sight, hearing). 
One could also easily imagine the shape of a deformation 
resulting from the two types of provocative forces already 
mentioned as examples. 
But the fact should immediately be stressed that the defor­
mation of a structure has no virtue of its own. It is but an 
accessible intermediary between the cause (provocative forces) 
and the effect (resulting mechanical stresses). 
Knowledge of these mechanical stresses is the basic element 
that will determine judgment that can be passed on the state 
of health of the machine. This judgment is expressed in 
"probable duration of life" which combines the nature, location, 
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main directions, size and frequency of the determinative 
mechanical stress, i.e. the one leading to the maximum action 
on the material. 
But it would be illusive to claim reaching thorough knowledge 
of the determinative mechanical stress, in the case of a ma­
chine as complex in structure as a turbine, for which the 
parameters of operation have futhermore considerable action 
on the provocative forces, as well as on the identification 
of the structure itself. 
It will therefore be possible to characterize the mechanical 
3tate of a turbine, only by assessment of the physical quan­
tities easily accessible to measurement, i.e. the deformation 
(displacement, movement) and from the interpretation that can 
be given to the data thus gathered. 
This interpretation will be based more especially on the as­
sumption that there are univocal relations between forces, 
deformation and stresses, and that the core of these relations 
is the identification of the structure. In other words, we 
assume that identical forces create identical deformations and 
then identical mechanical stresses. 
Since we are unable to base our assessment of the state of 
health of a turbine on absolute knowledge of the determinative 
mechanical stress correlated to operation of the turbine under 
know working conditions, we shall assess this state of health 
from deformation measurement (displacement, movement) on the 
turbine. This first hypothesis is shown on figure II.2/1. 
It is obvious that the provocative forces and the mechanical 
structure identification are under constant influence of what 
are called the parameters of operation. 
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What is less evident is how to determine what such parameters 
are, and the way each acts on the operational behaviour of the 
turbine. 
In most cases, however, experience tells us that a given set­
ting for the parameters we can control leads to an operation 
of the turbine that does not overstep a certain boundary. 
Taking into account the normal range of settings for the con­
trolled parameters of a given turbine in normal state of 
health, we can define limits within which all deformations, 
hence all measurements for parts of this turbine must stay, 
and reciprocally. 
This leads to a way of monitoring parts in a turbine, as 
shown on figure II.2/2. 
According to figure II.2/2, Monitoring is then passing a perma­
nent judgment on the state of health of some parts of a turbi­
ne, in order to take a decision leading to immediate action 
on the operating conditions of the monitored turbine. 
For instance, the decision to stop operation of a turbogene­
rator when the vibrations of a bearing have overstepped a 
predetermined threshold, comes under monitoring. 
But monitoring considers only the necessary evidence to pass 
its judgment - it can take into account the way the events 
have been evolving previously, and the way they are expected 
to evolve later, but it does not try to analyze the reasons 
for such an evolution. 
Diagnosis, on the other hand, is then passing a judgment on 
the mechanical state of a turbine, at a given time, and con­
cerning its probable future evolution. This judgment in turn 
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can lead to a decision of a deferred action on the conditions 
of operation and maintenance of the turbine. 
For instance, judging that there is a thermal unbalance on the 
rotor of a turbine and taking the decision to reduce the load, 
in order not to take the machine apart before a planned dead­
line date, come within diagnosis. 
Diagnosis, to be justified, needs a second hypothesis accor­
ding which the mechanical state of a machine, at a given time, 
can be deduced from comparison between measurements made at 
that time, and measurements previously made. In other words, 
this hypothesis means that there is a strong correlation bet­
ween significant measurements and the mechanical state of a 
turbine. This in turn is shown on figure II.2/3. 
From the foregoing, it can be stated the points of difference 
between monitoring and diagnosis: 
- monitoring consists especially in a comparison between a 
momentary situation, its development in the immediate future, 
and the values that experience and the statistics of incidents 
on other machines lay down as limits, 
- diagnosis consists especially in the comparison of the momen­
tary situation with similar situations noted in the past on 
the same machine, 
- monitoring must be a reliable means at the permanent dispo­
sal of the operational personnel. It should apply the methods 
and devices that meet the imperatives of industrial opera­
tion, 
- diagnosis should be a means adaptable to the special case 
of each machine. It can apply the methods and devices of 
specialized testing. 
For these reasons, monitoring and diagnosis are each the ob­
ject of a separate description in what follows. 
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II.3 VIBRATIONAL MONITORING OF TURBINES 
11.3.1 Object 
The object of vibrational monitoring of a turbine is to 
give permanent concrete form to a decision that may be 
one of the three that follow: 
- operation of the turbine is authorized under the 
existing conditions; 
- operation of the turbine is authorized, but running 
conditions involve the risk of mechanical damage 
(alarm); 
- the turbine must stop running in the shortest possible 
time (stoppage). 
11.3.2 Method 
Judgment of the state of mechanical health of the turbine 
is reached by comparison of the amplitudes of the vec­
tors representing the vibratory quantities measured at 
certain points of the turbine (shaft, bearings) with 
predetermined values of these amplitudes ("alarm" 
threshold, "stoppage" threshold). 
11.3.3 Measurement points 
It is desirable that sensors be available on all the 
bearings of the turbine. However, in the case of a turbo­
generator, one bearing out of two for each rotor will 
suffice, except for the HP rotor, which must have in­
struments on the two bearings. 
A typical arrangement is shown in figure II.3.3/1 the 
positions considered indispensable are marked by thick 
strokes. 
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Each measurement point has to be instrumented to provide 
signals permitting determination of the absolute vibra­
tions of bearings and shaft. 
Furthermore, it is advisable to get a phase marking on 
the rotating parts. 
11. 3. 4 Sensors and their associated equipment 
II. 3.4.1 Y¿brations_of_bearings 
The quantity to be measured is the absolute vib­
ration of the bearing. Its basic component cor­
responds to the speed of rotation of the machine. 
The sensor is therefore preferably of the seis­
mic mass type and with an axis of reference 
(maximal sensitivity). 
The place where the sensor is attached is chosen 
as near as possible to the bearing proper, for 
instance on the cap of the bearing. 
The orientation of the sensor reference axis is 
chosen in such manner as to best represent the 
bearing vibrations according to the various ope­
rating conditions of the machine. The total band­
pass of the sensor unit plus its associated elec­
tronic equipment must cover at least the interval 
2o - 2oo % of the rated rotation frequency of the 
machine. In any case, 'it is desirable that it 
should correspond to the ISO standard. 
It is desirable that the sensor, or its associa­
ted electronic equipment permit an electric ana­
log output to be available, independent of the 
circuit intended for monitoring, which would 
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eventually enable connection to be made with the 
measurement circuit, without disturbing the 
monitoring in any way. 
It should further be noted that the location of 
the sensor is likely to be difficult of access 
and that in that case any operation involving it 
may require stopping the turbine. 
Consequently, it is desirable not only that the 
sensor be able to operate without failure for at 
least 1o,ooo hours but also that it be possible 
to make a check without needing to take it apart. 
II.3.4.2 Shaft_yibrations 
The quantity to be measured is the relative shaft/ 
bearing bibration. Its basic component corres­
ponds to the speed of rotation of the turbine. It 
is therefore preferable to use a pair of sensors, 
of the contactless type, which measure the rela­
tive shaft/bearing displacement according to two 
mutually orthogonal directions and orthogonal to 
the shaft as shown in figure II. 3.4.2/1. 
The position of the sensors is chosen as near as 
possible to the middle of the bearing. 
The orientation chosen for the sensors is pre­
ferably following the vertical and the horizon­
tal transverse. 
The total band-pass of the sensor unit plus the 
associated electronic equipment must cover at 
least the interval 2 - 2oo % of the rated rota­
tional frequency of the turbine. It is desirable 
to be able to measure the DC component (measure­
ment of the static rise of the shaft). 
- 252 -
As already stated, it is desirable that the 
sensors, or their associated electronic equip­
ment, permit an electric analog output to be 
available, independent of the circuit intended 
for monitoring. 
It is also desirable that it be possible to 
check on their operation without taking them 
apart. 
11.3.5 Treatment of signals, information sought 
Still remaining within the setting of monitoring, two 
complementary forms of treatment can be given to the 
vibratory signals: 
- As long as the turbine is at variable speed, in ar.y 
case not at its rated speed of rotation, and in order 
to avoid complicating the monitoring device, it is 
desirable to disregard the fact that it is a rotating 
machine and to consider solely the value of the ampli­
tude of the r.m.s. vibrational velocity. 
- When the turbine is running at its rated speed of ro­
tation, it is desirable that the signals emitted by the 
sensors be treated in such manner a;j to furnish: 
a) as above, the amplitude of the r.m.s. value of the 
vibratory velocity (all components); 
b) the amplitude of the component at the rotation fre­
quency (unbalance); 
c) the amplitude of the component at double the rota­
tion frequency (cisalignmcnt); 
d) the amplitude of the component at half the rotation 
frequency (whipping). 
11.3.6 Presentation of vibration data 
Monitoring consists essentially in comparing vibration 
data with the limit values of alarm or of stoppage. It 
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is however desirable that judgment be weighted by exami­
nation of the past situation, and the development trends 
that it may be possible to define therefrom. 
The simple process in most general use consists in re­
cording the vibration quantities on a multi-track graphic 
recorder that can be consulted by operating personnel. 
A more elaborate procedure consists in recording only the 
vibration values that reach certain thresholds or that 
show a certain trend of development. 
Furthermore, a visualization on a multi-oscilloscope of 
Lissajous figures corresponding to each pair of sensors 
gives information simultaneously on the rise of the shaft 
in the bearing and the critical velocities of the machine. 
It is desirable that this information should be displayed 
on a console, in the control room, together with additio­
nal information, for each bearing, as to antifriction 
metal temperatures and oil pressures. 
II.3.7 Deciding device 
The electronic device making instantaneous comparison of 
the vibration information and the limit values (alarm, 
stoppage), must, in accordance with what is stated above, 
have for each incoming signal a stage taking into account 
the amplitude of the signal and a stage discerning the 
speed of variation of the amplitude. The corresponding 
limit values have to be adjusted to the special characte-
ristica of the machine monitored, account taken of ISO 
standards. 
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II.4 VIBRATORY DIAGNOSIS OF THE TURBINES 
II.4.1 Object 
The aim of the vibratory diagnosis of a turbine is to 
pass a judgment on the state of health of this turbine, 
at a given moment, and for assumed known values of its 
mechanical parameters, so as to take a decision concer­
ning its more or less long-term future. 
Such a decision can assume three forms: 
- This turbine doesnt seem to be affected in the inte­
grity of its structure, and its behaviour is similar 
to the one of a turbine in new condition. 
Consequently this turbine can perform at its nominal 
power, irrespective of its working conditions, and 
some maintenance operations can even be postponed. 
- This turbine seems to be affected in the integrity of 
its structure - the corresponding damaged or abnormally 
worn parts are located, and their damage defined - but 
on the other hand, its global behaviour is still com­
parable to that of a turbine in new condition. 
Consequently, this turbine can perform at its nominal 
power, without noticeable restriction with regard to 
its working conditions, and some maintenance operations 
can be planned. 
- This turbine seems to be affected in the integrity of 
its structure - the corresponding damaged or abnormally 
worn parts are located, and their damage is defined -
besides, its global behaviour is different from ti.at of 
a turbine in new condition. 
Consequently, this turbine can perform only at a frac­
tion of its nominal power, under restricted working 
conditions, and some maintenance operations have to be 
planned. 
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11.4.2 Method 
The judgment of the state of health of a turbine is 
reached by collecting significant signals from typical 
points on this turbine, then by treating these signals 
so as to exract the information they enclose, and lastly 
by identifying this information (that is by comparing it 
to typical shapes and values), and by studying its evo­
lution. 
11.4.3 Measurement points 
It is not conceivable to define measurement points as 
accurately as it was done for the vibratory monitoring 
(see II.4), and each model of turbine, if not each tur­
bine, needs special investigation. 
However, some general indications can be given: 
11.4.3.1 Mea^urements_on_the_surfacc_of_the_turbine 
The measurement points are provided with fixing 
devices which allow, when needed, the setting 
of sensors. 
These devices ensure the fixing of the corres­
ponding sensors so that measurements be made 
according to some reference axis, and the me­
chanical transfer function of the fixing device,, 
wi^h the greatest fidelity. 
The typical layout is shown on figures II.4.3/1: 
11.4.3.2 Measurements_inside_the_turbine 
The measurement points are provided with perma­
nently fixed sensors. 
There is no typical layout. 
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For instance, the auscultation of a turbine 
rotor involves the insertion of sensors in the 
mount of the stator blades; the auscultation of 
a turbine foundation involves embedding strain 
gauges in the concrete beams, bars, etc... 
11.4.4 Sensors and their associated equipment 
As expressed above, it is a matter of assessing the evo­
lution of the deformation of a turbine structure. 
Such an evolution being worked out by processing collec­
ted signals, the sensors and their connected equipment 
must, above all, be particularly reliable. 
This reliability, besides, involves accurate knowledge 
of their behaviour according to their environment (tem­
perature, pressure, magnetic field, etc...). 
Finally, the deformation which is to be measured generally 
consists of -static and dynamic deformations. Each measure­
ment point must then be provided with different kinds of 
sensors so as to obtain, by overlapping, the whole fre­
quency range it is desired to explore. 
11.4.5 Treatment of signals - Information sought 
It is obvious that the choice of a treatment of the signals 
depends on an option on the information sought. 
Since we know that we are dealing with a rotating machine, 
assuming, so to speak, that the main part of the imple­
mented physical phenomena is correlated to the rotation 
of the turbine, it is natural to select a priori a vec­
torial frequential treatment - which implies that the in­
formation sought comes mainly from stationary signals 
involving components at frequencies that are multiples 
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or submúltiplos of the rotation frequency. This line of 
argument is similar to the one given above in the case of 
the vibratory monitoring. It leads to completing and 
broadening the corresponding field. 
Because of its systematic appearance, and the use of a 
filing system displaying results of the treatment, it is 
given the name of "vibratory card diagnosis". It is des­
cribed further on. 
But thougt the vibratory card diagnosis supplies infor­
mation on the main part of the behaviour of a turbine, 
the latter has some functional components that put into 
action provocative forces which can be correlated only 
in a partial or null manner to the movement of the rotors. 
It must then be necessary, should occasion arise, to 
complete the above - mentionned vectorial frequential 
treatment by other treatments, of various kinds, adapted 
for each case to the way in which the physical phenomena 
to be identified are imagined. Such processes are des­
cribed below under the name of "tracking-down diagnosis". 
II.4.6 Vibratory card diagnosis 
Such a diagnosis deals more particularly with the shaft 
of the turbine. For that, the information obtained fron 
an eventual treatment of the signals is displayed from 
two viewpoints: 
- slow or quasi-static evolution: 
. values of the working parameters of the turbine 
(steam pressures and temperatures, oil pressures and 
temperatures, power, etc...). 
. values of the static deflections (flatness of the 
supporting table, alignment of the bearings, rise of 
the shaft in each bearing, etc...). 
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- dynamic data: 
. values of the dynamic deflections (vibratory 
vectors - amplitude and phase - with respect to 
the components at frequencies that are multiples 
or submultiples of the rotation frequency, spectral 
analysis, etc...). 
Each vibratory card gathers this information concerning 
a chosen turbine at a particular instant chosen to 
collect the information. A file is set up for each tur­
bine. 
Treatment of the information consists in looking for 
trends in the evolution of each frequential component, 
according to the variations of the slow or quasi-static 
parameters. 
Judgment is passed by correlating the established trends. 
For instance, when the components at the rotation fre­
quency, and twice this frequency, of the vibratory vec­
tor (shaft as well as bearing) are increasing in steps 
as time elapses, it can mean that a crack is developing 
in the shaft of the turbine. 
ι 
II.4.7 TRACKING-DOWN DIAGNOSIS 
Such a diagnosis completes and explicits the previous one 
with regard to the turbine shaft. Moreover, ist deals with 
the turbine organs the operation of which does not set in 
action provocative forces bound to the movement of the ro­
tors. Finally it deals with non-periodic vibratory sig­
nals (such as shocks). 
The guiding idea remains the search for development trends 
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in and of their identification to typical shapes and values 
assessed from computation or experience. 
The judgment is rendered by correlation of the established 
trends. 
For instance, the evidence is that the working of an H.P. 
inlet valve is accompanied by a whirring noise for a cer­
tain setting of the poppet. 
Moreover, a variation in the steam temperature at the 
inlet is correlated with a frequency variation of the 
pure tone radiated by the valve. 
It is then plausible that the pressure fluctuations occu-
ring as the steam is circulating between the poppet and 
the seat will cause an acoustical cavity or a pipe to 
resonate. 
II.5 Characteristic Noise Phenomena due to Faults and Damages 
As was stated on page II.2 we did not succeed up to this day in 
finding the right way to survey steam turbines by means of noise 
measuring. So it is not yet possible to describe common noise 
phenomea characterizing faults or damages. 
Only one example of noise propagation on a turboalternator due 
loosening of core laminations may be mentioned. It shows that 
further efforts on this scope can give efficient results. 
Not long after a normal inspection of the machine, in July 1971, 
an abnormal noise appeared during the normal service of the 
125 MW Baudour alternator in Belgium. The noise, which was inter­
mittent during short or long periods of time, looked like a 
"compressor noise" or a "hammering noise" according to different 
workers. This noise appeared at several times during the summer, 
disappeared during the winter, and came back in the following 
summer. 
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Different tests have shown that the noise had no correlation 
with the power level or other electrical characteristics 
(voltage or current), but that other factors as frequency 
(rotation speed) and temperature of the cooling fluid (hydrogen) 
had certain relation with the phenomenon. 
It appeared that the noise was radiated by the casing and that 
a very good image of the phenomenon was given by the signal of 
an accelerometer fixed on the middle of the alternator casing. 
When the state of the machine was normal, the spectrum of the 
accelerometer signal included all the normal harmonics of the 
magnetic core's vibrations: 1oo - 2oo - 3oo - 4oo Hz, and so on 
up to 15oo Hz. 
When the machine was "noisy", several of these harmonics were 
accompanied by two side-bands at plus and minus 13 Hz of the 
normal frequency, i.e. as examples: 
187 - 2oo - 213 Hz 
787 - 8oo - 813 Hz 
1287 - 13oo - 1313 Hz 
Although, the vibration amplitude was very small, the noise was 
disagreeable and disquieting. 
The same side-bands were noticed on three signals which were 
recorded simultaneously on a multi-track magnetic band: 
- acoustic noise 
- acceleration of the alternator casing 
acceleration of the 2 alternator bearings, 
but these side-bands were not present on other signals as 
- vibration of the shaft 
- dynamic pressure of the bearing oil 
- voltage.and current in the stator. 
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The annexes give excerpts of some of the recorded spectrums: 
fig. II.5/1 + 2: normal and abnormal spectrum of the casing 
acceleration: o - 5oo H2 
fig. II.5/3 + 4: idem: o - 1ooo Hz 
fig. II.5/5 : abnormal spectrum of a bearing acceleration 
(normal harmonics with side-bands around 
2oo - 3oo - 4oo Hz among others) 
fig. II.5/6 : acceleration of the casing: harmonics 8oo and 
13oo Hz, without and with abnormal noise. 
The alternator ran in that state during a year and was then 
opened. 
It was established, at that time, that some of the stator core 
laminations were losse, mainly in the central part of the core, 
where the noise was generated. It is supposed that these loose 
parts were vibrating at one of their resonance frequencies and 
that this induced an amplitude modulation of the normal vibra­
tions of the core. 
The phenomenon disappeared after proper fixing of the core 
laminations. 
It seems that, in that case, a "noise analysis" technique is 
useful for detecting the cause of an imperfect mechanical state 
of the machine. 
II.6 Characteristic Vibration Phenomena due to Faults and Damage 
Vibration measuring normally has two functions to fulfil: 
1. To indicate any critical vibrational state of the turbo-set, 
to enable measures to be instituted to prevent rubbing or 
bearing damage. 
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2. To reveal changes in normal vibrational behaviour, which 
are characteristic of certain types of failure or damage in 
the machine. 
The first-mentioned monitoring function thus primarily serves 
the prevention of damage, whilst the second lends itself to 
damage diagnosis or, generally, to assessing the mechanical 
state of the rotor and bearings. It thus already becomes appa­
rent, here, that vibration measuring is subject to natural 
physical limitations as regards the early detection of damage. 
Only those types of damage, namely, are detectable which 
proximately influence the normal state of balance and the 
alignment of the shafting. 
Vibration measuring thus does not indicate a reaction until 
the damage has already occurred. Strictly speaking, the ob­
jective of detecting damage in its evolutionary stage is not 
thereby attainable by means of vibration measuring. Experience 
has, however, shown that it is to date the only measuring proce­
dure capable of indicating the changes mentioned, so that at 
least consequential damage - the cost of which often consi­
derably exceeds that of the primary damage - can be avoided. 
Basically speaking, the bearing block vibration and the shaft 
vibration measurements should both reveal changes in the ba­
lance and alignment of a turbine rotor in the same manner. It 
has, however, been revealed that direct measurements on the 
rotor, that is to say shaft vibration readings, have the grea­
ter informative value; for the oil film damping and the 
bearing elasticity influence the bearing block vibration very 
strongly as regards amplitude, this resulting in the lower 
degree of sensitivity observed from the bearing block vibration 
reading. 
The main applicational field of shaft vibration measuring is 
during normal operation, that is to say when the turbine is 
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under load. Valuable data can, however, also be gained by mea­
suring carried out at other operating points. 
In turning gear operation, for example, the excentricity can 
be monitored relatively easily if the shaft vibration measuring 
system also permits measuring at low speeds. This primarily 
applies in the case of thermal turbo-machinery, where the ro­
tors can suffer thermal distortion between shutting-down and 
complete colling-off. Concentric measuring always proves parti­
cularly expedient in cases where turning gear operation has to 
be stopped for some reason before the warm start-up of a turbo-
set. 
Even in cases, however, where thermal influences play little or 
no role at all, concentric control checks assist in early 
detection of the displacement and deformation of rotors, casings 
and bearings. 
Shaft vibration measuring during running up to speed serves in 
reducing the rubbing risk in over-critical rotors when traver­
sing the critical bending speed ranges. 
The recording of resonance step-up during traversing of the 
critical speed ranges - particularly when shutting down - aids, 
when compared with earlier measurements, in locating damage 
which has brought about a change in balance or alignment. 
During normal operation, the indication of an already existing 
or - better still - an evolving critical vibrational state is 
the primary monitoring function of shaft vibration measuring. 
This is designed to eliminate the possibility of the rotor 
rubbing against fixed parts or of dynamic overloading of the 
bearing or rotationg components. 
In the majority of all cases, increased shaft vibration ampli­
tudes are due to failures or damage caused by a gradual or 
sudden change in balance and/or alignment. These are so-called 
forced vibrations. 
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Less numerous, but by no means less dangerous, are those cases 
in which major shaft deflections are caused by self-excited 
vibrations. The characteristic feature here is a complete change 
in the character of vibratory movement, as the normally domi­
nant rotation frequential vibration is superimposed by a vib­
ration, the frequency of which roughly corresponds to the 
natural flexural frequency (usually the lowest) of the rotor in 
question. Self-excitid vibrations, based on present-day experi­
ence, are: 
1. The oil whip, a hydrodynamic vibration stimulated by the oil 
film. It occurs primarily when the rotation frequency of the 
rotor attains a value greater than double the natural flexu­
ral frequency (usually the lowest) of the rotor in question. 
In this case (the so-called resonance vortex) the prerequi­
sites for instability are present in certain types of bearing 
construction, where a minor failure intensifies of its own 
accord. 
2. Gap excitement, an aerodynamic excitement caused by un-
symmetric flow of the medium in the machine. This affects 
rotors, whose operating frequency is greater than one of its 
natural flexural frequencies. Gap excitement is dependent on 
load and can occur in steam turbines at as low as 25 % of 
the design, flow rate. Much points to the fact that, in the 
majority of all cases of self-excited vibrations, aero­
dynamic excitement is the cause. In more seldom cases, 
excitement caused by shrink-fit friction of fitted parts is 
observed. This occurs at the speed at which the shrink is 
lost. The possibility also exists of rotation frequent alien 
vibrations occuring as a result of subharmonic resonance in 
the event of non-linearities in the spring tension and 
damping force. 
In the field of damage diagnosis - the second monitoring func­
tion - shaft vibration measuring is subject to natural physical 
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limitations. Normally - as already mentioned - the rotor motion 
is subject to the influence of centrifugal force. This means 
that only such damage is ascertainable by means of shaft vib-
I 
ration measuring which affects the normal balance and the align­
ment of the shafting, namely: 
Blade fractures, shroud band breads, as a result of which a 
sudden change in shaft vibration occurs, whereby this is by no 
means always a deterioration. 
Rotor distortion by radial rubbing due to the displacement of 
inner casings or blade carriers or the deformation of inner and 
outer casings. 
Rotor distortion by axial rubbing due to the buckling of inter­
mediate bottoms by exceeding of the permissible relative dila­
tation. 
Rotor distortion caused by the in-break of water from the main 
steam or cold feed and bleed lines of steam turbines. Rotor 
cracks, whereby a change in balance and consequently a change 
in the shaft vibration amplitude gradually increases with the 
propagation of the fatigue crack. 
Rotor disc cracks, whereby the change in balance occurs very 
late, namely upon the lifting of a section of the disc or upon 
loss of the shrink-fit. 
Loosening of the shrink-fitted sealing rings of radial shaft 
seals, glands for labyrinth packings, coupling haves and thrust 
bearing discs, whereby at the commencement of loosening strong­
ly scattered shaft vibration impulses occur - primarily in the 
case of inconstant temperature equalisation processes in the 
machine - which can disappear during constant settled operation 
following temperature equalisation. The possibility of self-
excited vibration occurring as a result of such loosening has 
already been referred to. 
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Breakage or displacement of composite parts. 
Changes in alignment, e.g. in the case of bearing damage. In­
fluence on shaft vibration is, however, only measurable if a 
sharp change in the bearing geometry - usually in the lower 
bearing bushing - has occurred. 
Changes in unbalance causes by uneven deposits or abrasion. 
Expansion hindrance of bearing blocks by base plate displace­
ment, whereby again a clear change in the original deflection 
line of the rotor extrusion must occur, primarily in the double 
bearing assembly, due to tensioning of the rotor in the closely 
adjacent bearing. 
Incidents of damage, which have been the subject of vibration 
measuring in the past, are listed in the following table. The 
illustrations to which reference is made may be regarded by and 
large as generally valid in respect of qualitative content. 
No. characteristic vibratory feature thermal and mechanical 
feature cause operating safety 
dominant vibration frequency = n. 
n > 2 n. ++ (fig. II.6/1 + 2) 
linked with the rotor 
speed 
rotor instability due 
to oil whip endangered 
dominant vibration frequency = n 
n > η , , (fig. II.6/1 shrinkage ^ 
linked with the rotor 
speed 
elastic hysteresis due 
to a loose shrunk joint 
endangered 
dominant vibration frequency = n, 
(fig. II.6/3 
dominant vibration frequency = η 
sudden change of the vibration 
amplitudes (fig.IL6/4) and/or change 
in the unbalance vector position 
dominant vibration frequency = η 
gradual rise in the vibration 
amplitude (fig. II.6/5 
n (s ) rated rotor speed 
++ _i 
nk (s ) critical rotor speed 
linked with the 
operational power 
rotor instability due 
to steam leakage in the 
clearances of the sealing 
glands and rotor blades 
endangered 
fractures of several 
blades cause arising of 
the interstage pressure 
and temperature 
blade fractures 
shroud band breaks, etc. endangered 
increasing rotor bowing possibly 
endangered 
to 
-ci 
No. characteristic vibratory feature thermal and mechanical 
feature 
dominant vibration frequency = n sometimes linked with 
and/or 2 n the operational power 
gradual increase, in steps, in 
the vibration amplitude (fig. II.6/6-8) 
dominant vibration frequency = n 
steep but not sudden rise in the 
vibration amplitude (fig. II.6/9) 
arising oil or white 
metal temperature 
dominant vibration frequency = n 
steep but not sudden rise in the 
vibration amplitude (fig. 11.6/1o-11) and 
rotation of the unbalance vector 
dominant vibration frequency = n 
steep and/or sudden rise in the 
vibration amplitude (generally 
scattering), especially before 
equalization of temperature 
cause 
chrack propagation in 
the shaft 
damage of journal 
bearing 
rotor rubbing 
operating safety 
loose shrunk joint of 
sealing rings, bushes 
coupling halfs, etc. 
endangered 
endangered 
endangered 
possibly 
endangered 
CTI 
00 
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II.7 Summary and Conclusion 
The investigations conducted in connection with Study Contract 
47-72-12 ECIC have shown that a stage of development has been 
reached in the field of vibration measuring, which at present 
leaves little scope for further efforts. One must, however, 
ensure that the equipment of major turbo-sets, with the measu­
ring systems available, are accepted as the technical standard. 
More or less concrete conceptions exist in the interpretation 
of vibration phenomena. A limited catalogue of characteristic 
damage features was listed in Chapter II.6. It would be expedi­
ent if the ecperience gained by the operators of vibration mea­
suring systems were to be further compiled and made available 
to interested circles. 
In the field of noise measuring, there are still a number of 
problems to be overcome. Efforts in this direction are worth­
while, for it has in individual cases been shown that noise 
measuring can also be employed for diagnosis purposes in re­
spect of steam turbine. 
As regards the evaluation of noise analysis results, the same 
applies here as in respect of vibration measuring. 
On the basis of the comments set-out in Chapters II.2 and II.3, 
endeavours will also be necessary to render possible long-term 
diagnoses on the mechanical state of steam turbines, based on 
the correlation of vibration and noise signals. 
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Schadenstelle = Damage location 
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Schaufelbruch = Blade fracture 
Uhrzeit = Time 
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Fig. II.6/6 
Schwingungsverhalten fünf Tage vor dem Abstellen der Turbine wegen 
Wellenanriß = Vibration behaviour five days befor shut-down of the 
turbine due to shaft crack 
Schadenstelle = Damage location 
Tag: 2o.3. = Date: 2o.3. 
Uhrzeit = Time 
Wellenschwingung = Shaft vibration 
Leistung = Rating 
Lagerschwingung = Bearing vibration 
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Fig. II.6/7 
Schwingungsverhalten bei Wellenanriß am Betriebstage vor dem end­
gültigen Abstellen einer Turbine = Vibration behaviour in the case 
of shaft crack on the day before final shut-down of a turbine 
Tag: 21.3. = Date: 21.3. 
5o Hz-Anteil ca. 9o % = 5o Hz share approx. 9o % 
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occurrence of undue amplitude under load 
= Initial 
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Wellenschwingung = Shaft vibration 
Leistung = Rating 
Lagerschwingung = Bearing vibration 
285 
19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 
Uhrzeit [h] Ê 
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Fig. II.6/8 
Schwingungsverhalten bei weit fortgeschrittenem Wellenanriß = 
Vibration behaviour in the case of advanced shaft crack 
Tag: 25.3. = Date: 25.3. 
Abstellen wegen Schadenverdacht im HD-Teil = Shut-down due to 
auspected damage in HP stage 
Unzulässig hohe Amplituden bei konstanter Last = Undue amplitudes 
at constant load 
Uhrzeit = Time 
Wellenschwingung = Shaft vibration 
Leistung = Rating 
Lagerschwingung = Bearing vibration 
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Load jump with steep increase in oil temperature 
Unzulässig hohe Amplitude, Lagerschaden = Unduly high amplitude, 
bearing damage 
Uhrzeit = Time 
Wellenschwingung = Shaft vibration 
Leistung = Rating 
Lagerschwingung = Bearing vibration 
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Fig. II.6/10 
Schwingungsverhalten bei Warmstart, 24 Stunden vor dem Auftreten 
eines AnstreifSchadens = Vibration behaviour during warm start­
up, 2 4 hours before the occurrence of rubbing damage 
Tag: 3.8. = Date: 3.8. 
Schadenstelle = Damage location 
Warmstart - Warm start-up 
Uhrzeit = Time 
Wellenschwingung = Shaft vibration 
Drehzahl = Speed 
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Fig. II.6/11 
Schwingungsverhalten bei Warmstart mit Anstreifschaden im MD-Teil = 
Vibration behaviour during warm start-up with rubbing damage in the 
MP stage 
Tag: 4.8. = Date: 4.8. 
Schadenstelle = Damage location 
Warmstart = Warm start-up 
Welle sitzt fest = Shaft stuck 
Uhrzeit = Time 
Wellenschwingung = Shaft vibration 
Drehzahl = Speed 
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